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This  report;  contains  several  pairs  of  stereo  scanning 
electron  micrographs.  Each  left  hand  photograph  is  on  the 
left  and  each  right  hand  photograph  is  on  the  right.  For 
viewing,  the  photographs  should  be  cut  out  of  the  report  and 
arranged  with  the  correct  spacing  and  orientation  under  a 
stereo  viewer. 


HEAD  INSTRUCTIONS 
HF.IORE  COMPMCTINO  FORM 


REPORT  DOCUMENTATION  PAGE 


|2  GOVT  ACCESSION  NO 


LIT'-E  land  SlE.'iiIjl — 

Frac tographic  Investigation  of  Subcritical  Crack. 
Growth  at  Inherent  Flaws  in  Polycrystalline  J 
Ceramics  » . . ...  <7 


Summary  Itepart# 

April  t977-Nov«*b«r  FS78 


A J Y C fl  - , 

Henry  P./Kirchner^ 
Robert  M./Gruver 
Dominique  M. /Richard 


NJW19-77-C-0328 


E and  aoones 


Ceramic  Finishing  Company 
P.0.  Box  498 


Naval  Air  Systems  Command 
Code  AIR  52032A 


IS.  SECURITY  (.LASS,  (ol  this  report) 


IS  O.JTBI0UTION  STATEMEN*  (<■'■  this  Rrpo.t) 


Distribution  of  this  report  is  unlimited 


e-'if+ted  i o f,iock  71).  !•  dit  lerent  irortt  Report 


te  supplementary  notes 


KEY  i»CROS  (Continue  on  reverve  vide  >!  necesvary  and  Identity  by  block  nurt-her  \ 

ceramics,  alumina,  silicon  nitride,  f ractography , fracture  mechanics, 
subcritical  crack  growth,  critical  flaw  boundaries,  intergranular  fracture 
transgranular  fracture,  stress  intensity  factor,  crack  velocity,  fracture 
mechanisms 


FOAM 
I JAN  71 


;OITION  OF  I NOV  «S  IS  obsolete 


SECURITY  CLASSIFICATION  of  THIS  PAGE  r»*i*n  DkIh  Enfrre 


Ceramic  Finishing  Company 
State  College,  Pennsylvania  16801 


Fractographic  Investigation  of  Subcrltical  Crack  Growth  at 
Inherent  Flaws  in  Polycrystalline  Ceramics 


November,  1978 


Prepared  by: 
Henry  P.  Kirchner 
Robert  M.  Gruver 
Dominique  M.  Richard 


Prepared  under  Contract  No. 
for  the  Naval  Air  Systems  Command, 


N00019-77-C-0328 
Department  of  the  Navy 


Distribution  of  this  document  is  unlimited 


iii 


Table  of  Contents 


Page 

Report  Documentation  Page  i 

Title  Page  i:L 

Foreword  

General  Introduction  2. 

A Fractographic  Criterion  for  Subcritical  Crack  Growth 

Boundaries  in  Hot  Pressed  Alumina  4 

Fracture  Stress-Reflecting  Spot  Relations  in  Hot  Pressed 

Alumina  29 

Fractographic  Criteria  for  Subcritical  Crack  Growth 

Boundaries  in  96%  Alumina  38 

A Fractographic  Criterion  for  Subcritical  Crack  Growth 

Boundaries  at  Internal  Fracture  Origins  in  Hot  Pressed 

Silicon  Nitride  71 

General  Conclusions  and  Recommendations  99 


iv 


Foreword 

This  summary  report  describes  research  performed  on  a program  spon- 
sored by  the  Naval  Air  Systems  Command,  Department  of  the  Navy,  under 
Contract  N00019-77-C-0328.  The  research  was  performed  under  the  general 
technical  direction  of  Mr.  Charles  F.  Bersch,  Code  AIR  52032A,  of  the  Naval 
Air  Systems  Command. 

The  report  covers  work  performed  during  the  period  24  Apri^\1977  to 

/ 

23  October  1978.  The  authors  are  pleased  to  acknowledge  the  contributions 
of  their  associates  at  Ceramic  Finishing  Company. 
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General  Introduction 

In  polycrystalline  ceramics  the  overall  fracture  process  consists 
of  a wide  variety  of  elementary  fracture  processes  including  trans- 
granular  fracture  of  individual  crystals  on  various  crystal  planes, 
intergranular  fracture  on  various  crystal  surfaces,  and  fracture  of 
intergranular  phases.  The  polycrystalline  fracture  energy  is  the  sum 
of  the  fracture  energies  (y  ) of  the  elementary  fracture  processes. 

The  "mix"  of  the  elementary  fracture  processes  varies  substantially 

along  radii  drawn  from  fracture  origins  in  polycrystalline  ceramics  but 

the  existence  of  these  variations  is  not  widely  known  and  has  been  little 

studied.  Presumably,  in  the  early  stages  of  slow  crack  growth,  the  first 

elementary  fracture  events  to  occur  are  those  with  the  lowest  y such  as 

F 

fractures  on  1012  planes  in  sapphire.  As  each  such  event  occurs  the 
stress  intensity  factor  (K^.)  at  each  intact  grain  at  the  crack  front 
increases  both  as  a result  of  the  general  increase  in  crack  size  and 
the  tendency  of  the  crack  to  advance  around  resistant  grains.  Because 
inherent  flaws  may  not  be  large  relative  to  the  grain  size,  statistical 
factors  governing  the  local  distributions  of  grain  sizes  and  orientations 
are  likely  to  be  important.  Localized  stresses  arising  from  thermal 
expansion  and  elastic  anisotropy  are  also  important.  One  would  expect 
the  fracture  to  originate  at  the  site  that  is  most  vulnerable  in  terms 
of  the  combination  of  flaw  severity  and  reduced  local  critical  stress 
intensity  factor  (K^)  • 

The  strength  of  ceramics  is  determined  by  the  characteristics  of 
preexisting  flaws,  subcritical  crack  growth,  and  the  mechanism  of  transition 
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from  subcritical  to  critical  crack  growth.  Although,  the  mechanisms 
of  fracture  during  critical  crack  propagation  are  interesting  in  their 
own  right,  these  mechanisms  are  not  relevant  to  the  strength  because  at 
this  stage  the  integrity  of  the  ceramic  article  has  been  lost.  Sub- 
critical  crack  growth  depends  on  the  method  of  loading,  the  loading 
rate  and  the  environment.  At  large  cracks  or  flaws  that  experience 
average  material  properties,  the  crack  velocity  increases  exponentially 
with  increasing  . However,  when  the  crack  or  flaw  is  so  small  that  it 
does  not  experience  such  average  properties,  local  conditions  can  be 
expected  to  have  important  influences  on  crack  velocity.  One  would 
expect  low  loading  rates  and  corrosive  environments  to  favor  more 

symmetrical  advance  of  the  crack  front  and  more  uniform  increase  in  . 

crack  velocity.  As  approaches  KIC,  the  crack  accelerates  to  velocities 
-A  -1 

in  the  range  10  -1  ms  . Fracture  mechanics  considerations  alone  do  not 

lead  us  to  expect  any  discontinuity  in  the  fracture  markings  as  the  crack 
accelerates  or  at  the  critical  crack  growth  boundary.  The  observed 
markings  depend  on  the  mechanisms  of  fracture  of  the  particular  material 
at  each  stage  in  the  variation  of  K.^ . Thus,  resistance  to  fracture  can 
result  from  the  relative  absence  of  flaws,  resistance  to  subcritical 
crack  growth  which  reduces  the  rate  of  increase  of  K^.  or  by  the  presence 
of  obstacles  that  postpone  the  transition  to  critical  crack  propagation. 

In  this  investigation,  the  variations  in  the  elementary  fracture 
processes  along  radii  extending  from  fracture  origins  were  studied  in 
hot  pressed  (H.P.)  alumina,  96%  alumina,  and  H.P.  silicon  nitride  by 
optical  and  scanning  electron  microscopy  (SEM)  including  stereo  SEM.  The 
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variations  in  the  relative  frequencies  of  intergranular  and  transgranular 
fracture  were  determined.  The  percent  intergranular  fracture  (PIF)  was 
plotted  versus  K(  for  various  distances  from  the  fracLure  origin  assuming 
a smooth  crack  front  and  the  absence  of  localized  stresses.  The  observed 
variations  were  analyzed  in  relation  to  single  crystal  and  polycrystal 
values. 

The  report  has  four  main  sections  covering  the  following  topics: 

1.  A f ractographic  criterion  for  subcritical  crack  growth  boundaries 
in  H.P.  alumina. 

2.  Fracture  mechanics  of  reflecting  spots  in  H.P.  alumina. 

3.  Fractographic  criteria  for  subcritical  crack  growth  boundaries 
in  96%  alumina. 

4.  A Fractographic  criterion  for  subcritical  crack  growth  boundaries  in 
H.P.  silicon  nitride. 

The  final  section  consists  of  general  conclusions  and  recommendations. 
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The  percent  intergranular  fracture  (PIF)  was  measured  along  radii 
extending  from  fracture  origins  in  hot  pressed  alumina  specimens,  frac- 
tured at  various  loading  rates  and  temperatures,  and  plotted  versus 
estimates  of  stress  intensity  factors  (K^)  at  the  various  crack  lengths. 
Minima  in  PIF  occur  at  values  of  that  are  close  to  the  critical  stress 
intensity  factors  (K^,)  for  cleavage  on  various  crystal  lattice  planes  in 
sapphire.  The  subcritical  crack  growth  boundary  ( K ^ of  the  poly- 

crystalline  material)  occurs  near  the  primary  minimum  in  PIF  suggesting 

that  this  minimum  can  be  used  as  a criterion  for  locating  this  boundary. 

1/2 

in  addition,  it  was  noted  that  the  polycrystalline  (4.2  MPam  ) is 

— 1/2 

very  close  to  the  for  fracture  on  {1126}  planes  which  is  4.3  MPam 

These  observations  suggest  that  critical  crack  growth  begins  when  increased 
fracture  energy  can  no  longer  be  absorbed  by  cleavage  on  these  planes. 

There  is  a secondary  minimum  at  that  appears  to  be  associated 

with  the  necessary  for  fracture  on  combinations  of  planes  selected 

by  tiie  fracture  as  alternatives  to  the  high  fracture  toughness  basal 
plane. 
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I.  Introduction 

Development  of  fracture  theories  and  failure  analysis  lias  been 

handicapped  by  the  lack  of  f ractographic  criteria  for  locating  subcrit- 

ical  crack  growth  boundaries  in  fracture  surfaces  of  ceramics.  In  this 

paper,  such  a criterion  is  described  for  hot  pressed  (II. P.)  alumina. 

It  is  well  known  that  fracture  origins  In  H.P.  alumina,  when  observed 

in  reflected  light  by  optical  microscopy,  are  surrounded  by  reflecting 

(1  2) 

spots  ’ . In  fact,  observation  of  these  reflecting  spots  K the  most 

reliable  method  of  locating  the  fracture  origins.  The  area  of  intense 

reflecting  spots  is  related  to  the  fracture  stress  and  rate  of  loading  . 

In  weak  specimens  or  those  fractured  in  delayed  fracture,  the  areas  are 

relatively  large.  In  strong  specimens  or  those  fractured  by  impact,  t he 

areas  are  relatively  small.  Cleavage  regions  are  observed  surrounding 

flaws  at  fracture  origins  in  H.P.  alumina,  96%  alumina  and  H.P.  silicon 
(3  4). 

nitride  ’ These  cleavage  regions  are  associated  with  subcritieal 

(4  5) 

crack  growth  ’ . These  observations  led  to  efforts  to  relate  t he 

reflecting  spots  in  H.P.  alumina  to  cleavage  and  a one  to  one  correspondence 
was  observed.  Therefore,  the  reflecting  spots  and  cleavage  regions  in 
H.P.  alumina  are  associated  with  subcritieal  crack  growth. 

In  an  investigation  of  microplastic  processes  in  a dense,  coarse 
grained  alumina,  Lankford^  ^ was  able  to  associate  the  acoustic  emis- 
sion recorded  during  subcritieal  crack  growth  with  deformation  twinning. 

The  twinning  process  tends  to  propagate  to  adjacent  grains  and  leads  to 


microcrack  formation.  Therefore,  twinning  is  one  mechanism  by  which 
cleavage  regions  form  in  alumina. 


8 


The  fracture  energy  of  a crack  traversing  a polycrystalline  ceramic 
is  the  sum  of  the  fracture  energies  of  the  individual  fracture  events 
occurring  near  the  crack  front.  These  events  include  transgranular  frac- 
ture on  various  crystal  lattice  planes  in  individual  crystals  having 
various  orientations  to  the  crack  front,  intergranular  fracture  on  various 
crystal  surfaces  at  various  orientations  to  the  crack  front,  and  fracture 
of  intergranular  phases.  It  is  well  known  that  there  can  be  substantial 
variations  in  the  fracture  energies  for  various  crystal  lattice  planes  of 

single  crystals.  Wiederhorn^’'*'^  measured  the  fracture  energies  (y  ) for 

F 

several  crystal  lattice  planes  in  sapphire  with  the  results  given  in 

Table  L.  Also  included  in  the  table  are  estimates  of  the  critical  stress 

intensity  factors  (K^  ) for  the  individual  lattice  planes  calculated  using 

1/2 

K = (2E  y ) in  which  E is  Young's  modulus  which  was  assumed  to  be  407 
GPa  . These  values  of  K.^,  can  be  compared  with  Kj  for  H.P.  alumina 
which  is  about  4.2  MPam^^^^.  Becher^^)  measured  fracture  energies  in 
several  additional  planes  showing  that  the  fracture  energies  drop  off 
rapidly  for  planes  close  to  the  basal  (0001)  plane. 

The  principal  fracture  events  in  H.P.  alumina  ceramics  are  cleavage 
on  various  crystal  planes  and  intergranular  fracture  on  various  crystal 
surfaces.  Because  of  the  wide  range  of  K values  of  the  individual 

1L 

cleavage  events  and  knowing  that  cleavage  and  intergranular  fracture  are 
i.-lerpersed  near  the  fracture  origin,  it  is  reasonable  to  expect  that  KjC 
of  the  polycrystalline  material  will  be  characterized  by  a particular 
combination  of  cleavage  and  intergranular  fracture  events.  Based  on  the 
above  information,  an  attempt  was  made  to  relate  the  stress  intensity 
factors  (K^)  during  subcritical  crack  growth  to  the  critical  stress  inten- 
sity factors  of  the  individual  fracture  events  in  the  individual  crystals 
and  to  develop  a f ractographic  criterion  for  subcritical  crack  growth 
boundaries  in  H.P.  alumina. 


Fracture 
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Energy 
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II.  Procedures 
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The  present  research  was  done  by  fractographic  analysis  of  H.P. 
alumina  specimens  fractured  in  earlier  Investigations.  Preparation 
and  testing  of  these  specimens  was  described  previously ^ ^ . The 
specimens  were  cylindrical  rods  about  3.3  mm  diameter,  with  densities 
ranging  from  99.5  to  99. 1%  of  theoretical  and  average  grain  size  in  the 
range  1-3  urn.  The  specimens  were  fractured  in  flexure. 

The  percentages  of  Intergranular  and  t ransgranular  fracture,  along 
radii  extending  from  the  fracture  origins,  were  determined  using  scanning 
electron  micrographs  (1000  or  2000  X)  which  were  taken  at  intervals  along 
the  radii  and  assembled  to  form  composite  photographs  of  the  fracture 
surfaces.  A grid  with  spaces  approximately  equal  to  one  grain  size  and 
ten  spaces  wide  was  prepared.  The  grid  was  placed  on  the  composite  photo- 
graph and  the  fracture  surface  at  the  center  of  each  grid  space  was 
examined  and  classified  as  to  whether  it  was  intergranular  or  transgran- 
ular,  characterizing  a path  about  ten  grains  wide.  This  process  was 
repeated  for  adjoining  rows  of  the  grid.  The  percentages  of  intergranular 
and  transgranular  fracture  varied  considerably  from  one  row  to  t he  next  so 
averages  were  calculated  for  each  row  which  included  the  results  of  the 
preceding  and  following  rows  to  form  three  row  running  averages. 

The  stress  intensity  factors  were  calculated  for  each  row  using  the 

(13) 

following  equation  lor  semi-circular  surface  cracks 


K 


I 


(1) 


t 


* . /,<* 


k 


in  which  a is  the  crack  depth,  o is  the  fracture  stress,  Y is  a geometrical 

r 

parameter  (2  for  surface  flaws  and  1.8  for  internal  flaws),  and  Z is  a flaw 
7T 

shape  parameter  (y  = 1.57  for  semicircular  cracks).  This  equation  assumes 
a planar  crack.  Furthermore,  this  equation  is  strictly  correct  only  for 
delayed  fracture  specimens  for  which  the  applied  stress  is  constant.  For 
specimens  fractured  by  a linearly  increasing  load,  is  overestimated 
when  because  the  stress  is  overestimated.  However,  a computer 

simulation  of  crack  growth  in  another  alumina  involving  numerical  integration 
of  the  crack  velocities  (V)  using  the  empirical  relation  V = AK^  revealed 
that  99%  of  the  crack  growth  occurred  in  the  last  6%  of  the  time.  There- 
fore, the  error  in  the  calculated  values  is  small  for  most  of  the  crack 
growth. 

Using  the  information  from  the  procedures  described  above,  curves  of 
vs.  Percent  Intergranular  Fracture  (PIF)  were  plotted. 

In  the  initial  attempts  to  determine  the  relationship  between  Kj.  and 
PIF,  the  results  were  scattered.  There  was  no  consistent  relationship 
between  for  the  individual  fracture  events  and  of  the  polycrystal- 
line material.  The  problem  seemed  to  arise  because  of  uncertainties  in 

1 

the  values.  A possible  explanation  was  that  in  strong  specimens  in 
which  there  is  a rapid  variation  in  with  (a) , small  errors  in  locating 

the  fracture  origin  were  causing  large  errors  in  Kj.  Therefore,  weaker 
specimens  were  studied.  More  subcritical  crack  growth  occurs  in  weak 
specimens  and  in  delayed  fracture  specimens  so  that  there  is  more  gradual 
variation  in  fracture  features.  Also,  more  accurate  Kj  estimates  could 
be  made  with  specimens  with  well  defined  flaws  at  the  fracture  origins, 
symmetrical  areas  of  reflecting  spots  and  symmetrical  fracture  mirrors. 

Therefore,  specimens  with  these  characteristics  were  selected  for  investi- 
gation. The  results  are  presented  in  the  next  section. 
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III.  Results  and  Discussion 

Fractures  at  room  temperature , normal  loading  rate 

Fracture  surface  of  a specimen  fractured  in  flexure  by  a linearly 
increasing  load  at  a fracture  stress  of  436  MPa  is  shown  in  Figures  1 
and  2.  The  fracture  origin  is  a machining  flaw  about  13-20  pm  deep. 

This  flaw  is  bounded  by  a region  of  mainly  transgranular  fracture  that 
appears  as  a dark  spot  at  the  top  of  the  fracture  surface  in  Figure  1. 

At  higher  magnification  in  Figure  2,  the  increase  in  transgranular  frac- 
ture along  the  radius  from  the  fracture  origin,  followed  by  a decrease 
in  transgianular  fracture,  is  evident.  The  vs.  PIF  curve  for  this 
specimen  is  given  in  Figure  3.  A horizontal  dashed  line  indicates  Kj 
for  tiie  polycrystalline  material.  The  minimum  in  PIF  (maximum  in  percent 
transgranular  fracture)  almost  coincides  with  K^,. 

l.oadlng  rate  dependence 

Specimens  fractured  by  delayed  fracture  and  by  impact  were  measured. 
The  loading  rate  variations  were  observed  by  comparing  vs.  PIF  curves 
for  delayed  fracture,  normal  loading  rate  and  impact  fractures. 

Tiie  vs.  PIF  curve  for  a delayed  fracture  specimen  fractured 
at  467  MPa  in  362  seconds  is  given  in  Figure  4.  This  figure  illustrates 
the  increased  detail  observable  in  delayed  fracture  specimens.  Again, 
there  is  a minimum  in  PIF  near  K^,.  Comparison  of  this  curve  with  the 
previous  one  reveals  another  typical  feature,  a secondary  minimum  at 
about  5.6  MPam*^.  Overall,  the  minima  in  PIF  in  Figure  4 occur  at 
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Figure  I Hot  Pressed  Alumina  (Specimen  R-5) 
Fractured  by  a Linearly  Increasing 
Load  at  436  MPa  ( 30  X ). 


Figure  2 Hot  Pressed  Alumina  (Specimen  R-5) 
Fractured  by  a Linearly  Increasing 
Load  at  436  MPa  ( 2020  X ). 
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Stress  Intensity  Factor  (Kj)-MPam 


436  MPa 


0 10  20  30  40  50  60  70  80  90  100 
Percent  Intergranular  Fracture 

Figure  3 Stress  Intensity  Factor  vs.  Percent 

Intergranular  Fracture,  Linear  Loading 
Rate  (Hot  pressed  alumina,  specimen  R-5). 
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0 10  20  30  40  50  60  70  80  90  100 
Percent  Intergranular  Fracture 

Figure  4 Stress  Intensity  Factor  vs.  Percent 
Intergranular  Fracture,  Delayed 
Fracture  (Hot  pressed  alumina, 
specimen  DH2). 
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values  close  to  t lie  values  for  various  crystal  lattice  planes  as 

listed  in  Table  I. 

There  are  definite  differences  between  the  curves  in  Figures  3 and 

1/2 

4 at  low  values  of  K^.  In  this  region  (K^  < 2 MPam  ),  the  PIF  depends 

on  the  type  of  flaw  in  each  case.  Machining  flaws  and  surface  pores 

tiave  relatively  high  PIF.  Large  grains  or  groups  of  large  grains  acting 

as  fracture  origins  tend  to  cleave,  leading  to  relatively  low  values  of 

PIF.  Mien  subsurface  flaws  are  present,  cleavage  of  the  polycrystalline 

(13) 

material  between  the  flaw  and  the  surface  may  indicate  flaw  linking 
prior  to  fracture. 

The  Kj  vs.  PIF  curve  for  specimen  1-18  fractured  by  impact  is 

given  in  Figure  5.  The  fracture  stress  is  not  measured  directly  during 

impact  testing.  Therefore,  the  fracture  stress,  necessary  to  compute  K^, 

(14) 

was  obtained  from  measurement  of  the  fracture  mirror  radius  using 


A 


in  which  A = 10.3  MPam  *"  and  r is  the  fracture  mirror  radius.  The 

m 

resulting  fracture  stress  was  841  MPa.  At  the  high  loading  rates  character- 
istic of  impact  fractures  there  is  much  less  suhcritical  crack  growth  than 
there  is  in  the  specimens  fractured  at  lower  loading  rates.  As  a result, 
the  fracture  stresses  are  higher  and  variations  in  PIF  occur  close  to  the 
fracture  origin  and  are  obscured  to  some  degree  by  the  transition  from  the 
flaw  to  the  suhcritical  crack  growth  region.  These  conditions  result  in 
a Kj  vs.  PIF  curve  in  which  the  minor  fluctuations  are  absent  or  poorly 
defined.  Despite  this  fact,  a definite  minimum  in  PIF  was  observed  at 
close  to  of  the  polycrystalline  material. 


Stress  Intensity  Factor  (Kj)-MPam 


8 


= 4.2  MPaml/2 
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Figure  5 Stress  Intensity  Factor  vs.  Percent 

Intergranular  Fracture,  Impact  Loading 
(Hot  pressed  alumina,  specimen  I -18). 
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Temperature  dependence 

Specimens  fractured  at  elevated  temperatures  (800°C)  were  also 
measured.  The  results  for  a particular  specimen  (E-17),  fractured  at 
528  MPa,  are  given  in  Figure  6.  There  is  more  intergranular  fracture 
at  800°C  than  at  room  temperature  but  the  shape  of  the  curve  remains 
roughly  the  same  showing  a primary  minimum  and  secondary  minima. 

Because  values  at  elevated  temperatures  are  not  available  it  is 
not  possible  to  compare  K.^  at  minimum  P1F  with  However,  if  this 

is  taken  as  a criterion  for  the  subcritical  crack  growth  boundary, 
the  fact  that  this  is  still  in  the  same  range  indicates  that  K^c  has 

not  changed  very  much. 

(7  8 ) 

Lankford'  ’ indicates  that  twinning  is  more  prevalent  at  elevated 
temperatures,  tiiat  the  twins  are  thicker,  that  there  is  multiple  twin 
system  activity,  and  that  the  onset  of  acoustic  emission  occurs  at  lower 
stresses.  However,  despite  these  facts,  our  observations  indicate  that 
there  is  less  cleavage  at  high  temperatures. 

Perhaps  the  increased  thickness  of  the  twins  and  increased  multiple 
twin  system  activity  allow  accommodation  of  more  strain  without  cleavage 
thus  leading  to  the  higher  fracture  stresses  observed  in  the  temperature 
range  500-1000°Ct'lb)  . 

Discussion 

The  fact  that  the  at  the  lowest  minimum  in  PIF  coincides  approxi- 
mately with  K[c  of  the  polycrystalline  body  suggests  that  the  minimum  in 
PIF  (or  the  maximum  in  percent  transgranular  fracture)  can  be  used  as  a 
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Stress  Intensity  Factor  (Kjl-MPam 
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Figure  6 Stress  Intensity  Factor  vs.  Percent 
Intergranular  Fracture,  Linear 
Loading  rate  at  800°C  (Hot  pressed 
alumina,  specimen  E-17). 


criterion  to  locate  the  subcritical  crack  growth  boundary  in  fine  grained 
H.P.  alumina.  Presumably,  this  criterion  can  be  used  to  locate  sub- 
critical  crack  growth  boundaries  in  fractures  for  which  the  fracture 
stress  was  not  measured,  making  it  possible  estimate  the  fracture  stress 

and  stress  distribution  in  such  specimens.  Also,  the  information  should 

be  helpful  for  calculating  branching  radius  to  critical  flaw  size  ratios 
more  precisely  than  has  been  done  in  the  past.  Determination  of  these 
ratios  for  various  materials  is  important  for  the  theory  of  crack  propaga- 
tion. The  fact  that  K almost  coincides  with  K at  the  minimum  in  PIF,  and 

1L  X 

considering  that,  at  room  temperature,  almost  all  of  the  fracture  at  the 
subcritical  crack  growth  boundary  is  transgranular  suggests  that  critical 
crack  growth  begins  when  increased  fracture  energy  can  no  longer  be 
absorbed  by  cleavage  on  these  lattice  planes. 

Comparison  of  the  K.^.  vs.  PIF  curves  with  the  values  for  the 
individual  fracture  events  listed  in  Table  I leads  to  interesting  results. 
Based  on  the  K_ _ values  for  1012  planes , one  would  expect  crack  growth  to 
begin  by  cleavage  on  these  planes  of  favorably  oriented  crystals  at  stresses 
of  about  300-400  MPa  (assuming  a semicircular  surface  flaw  with  a radius 
of  20  pm).  If  the  flaw  is  primarily  intergranular,  this  will  lead  to 
decreasing  PIF  in  the  region  surrounding  the  flaw  (Figure  3).  Apparently, 
intergranular  fracture  can  also  occur  at  these  low  stresses,  perhaps  aided 
by  stress  intensification  at  cleaved  grains  or  by  stress  corrosion.  As  the 
crack  depth  and  increase,  cleavage  on  other  planes  becomes  possible.  This 
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effect,  plus  the  tendency  for  twinning  to  be  propagated  from  one  grain  to 
the  next,  will  cause  further  decrease  in  PIF.  At  Kj  = 4.3  MPam1^2  where 
all  of  the  planes  with  measured  values  of  K^,  except  (0001)  can  cleave 
the  PIF  is  very  low.  Becher^^  has  shown  that  basal  twins  induced  by 
grinding  cause  small  (0001)  fracture  surfaces  in  sapphire  indicating  that 
fracture  on  (0001)  is  possible  even  though  it  was  not  observed  by  Wiederhorn. 

/ a \ 

However,  twinning  is  a time  consuming  processv  . A long  extrapolation  of 

Lankford's  acoustic  emission  data  indicates  that  strain  rates  of  about 
8 -I 

10  sec  would  be  required  to  suppress  twinning  (on  all  planes).  Very 
high  strain  rates  are  present  at  the  tips  of  running  cracks.  Therefore, 
it  is  not  surprising  that,  as  the  crack  accelerates  near  K^,  the  cleavage 
mechanisms  gradually  drop  out  and  PIF  increases. 

1/2 

One  can  speculate  that  the  increase  in  PIF  just  above  = 4.2  MPam 

is  limited  by  the  increased  availability  of  another  cleavage  mechanism  as 

increases.  This  mechanism  may  be  cleavage  on  {1010}  combined  with  conchoidal 

fracture  roughly  parallel  to  {0114}  which  occurs  because  of  the  difficulty 

(9) 

of  (0001)  cleavage,  as  suggested  by  Wiederhorn  . In  any  case,  the  increase 

in  PIF  is  reversed  and  with  further  increase  in  crack  velocity  and  K^,  PIF 

1/2 

passes  through  a secondary  minimum  at  - 5.6  MPam  . Above  this  value 

of  Kj,  PIF  increases  to  high  values  (Figure  4). 

The  technique  described  in  this  paper  requires  very  precise  location 
of  the  fracture  origin.  For  example,  in  the  early  stages  of  the  investiga- 
tion, specimen  R-45  (o„  = 660  MPa)  was  assumed  to  have  a fracture  origin 

at  the  surface.  The  K(  vs.  PIF  curve  was  determined  and  found  to  have  a 

1/2 

minimum  in  PIF  at  6.6  MPam  , by  far  the  highest  value  observed  thus  far 
for  H.P.  alumina.  On  reexamination,  the  actual  fracture  origin  was  found 


to  be  19  tun  below  the  surface.  The  Kj  values  were  recalculated,  assuming 

i / 2 

a subsurface  penny-shaped  flaw.  The  minimum  in  PIF  is  at  about  A. 8 MPam  , 

a value  that  is  now  in  the  probable  range  of  sample  to  sample  variation  of 

1/? 

Again,  there  is  a secondary  minimum  at  about  5.6  MPam 
The  stress  intensity  factors  at  tin*  minima  in  PIF  for  the  H.P.  alumina 
specimens  investigated  thus  far  are  summarized  in  Table  11.  At  room 
temperature  the  values  of  at  the  lowest  minimum  in  PIF  near  K = 

1/2  i / i 

4.2  MPam  average  4.6  MPam  " and  occur  at  an  average  of  13%  PIF.  The 

1/2 

values  of  at  the  secondary  minimum  in  PIF  near  = 5.6  MPam  average 
1/2 

5.85  MPam  and  occur  at  an  average  of  19%  PIF. 

In  interpreting  the  above  results  it  is  important  to  realize  that, 
first  of  all,  tin-  subcritical  crack  growth  boundary  and  do  not  coin- 
cide with  t lie  boundary  of  the  region  of  reflecting  spots  which  consistently 
falls  at  higher  values  of  Secondly,  although  the  cleavage  tends  to 

form  a reflecting  region,  it  tends  to  terminate  in  a region  of  primarily 
intergranular  fracture.  There  is  no  evidence  of  microhranching  in  this 
region  of  intergranular  fracture.  Therefore,  the  region  of  reflecting 
spots  is  not  exactly  analogous  to  the  mirror  region  in  glass  because  in 
that  case  the  mirror  region  terminates  in  a region  of  microbranching 
usually  called  mist. 

The  fact  that  PIF  varies  with  leads  one  to  consider  whether  or  not 
PIF  can  be  used  to  roughly  estimate  at  points  on  the  fracture  surface 
other  than  close  to  the  fracture  origin.  Some  steps  were  taken  to  eval- 
uate this  possibility.  A substantial  reduction  in  stress  intensity 
factor  is  expected  in  the  region  of  crack  branching.  A preliminary  exami- 
nation of  fracture  surfaces  just  before  and  just  after  crack  branching 


Table  II.  Stress  Intensity  Factors  at  Minima  in  Percent  Intergranular  Fracture  in  Hot  Pressed  Alumina. 


failed  to  reveal  a substantial 


laugu  in  I’tF.  The  fracture  remained 


primarily  intergranular.  Therefore,  one  can  conclude  that  Kj  remains 
above  during  crack  branching  in  11. P.  alumina.  This  result  is 
consistent  with  the  observation  o(  Do  11^  ^ who  found  that  the  crack 

velocity  decreases  only  slightly  from  the  maximum  crack  velocity  during 
branching  in  glass. 

In  flexural  specimens  K^.  increases  from  the  fracture  origin  to  a 

maximum  between  0.45  and  0.55  of  the  distance  from  the  origin  to  the 
(18  19) 

neutral  axis'  ' and  then  decreases.  vs.  (a)  curves  extrapolate  to 
Kj  * 0 at  about  1.4  to  1.6  of  the  distance  from  the  origin  to  the  neutral 
axis.  Reflecting  spots  were  observed  at  1.2  of  this  distance.  The  area 
of  reflecting  spots  was  examined  by  SF.M  and  was  found  to  be  caused  by 


cleavage.  Apparently,  the  stress  intensity  factor  and  crack  velocity  in 
this  region  were  low  enough  so  that  the  fracture  was  characterized  by  a 
distribution  of  types  of  individual  fracture  events  Like  that  occurring 
during  subcritical  crack  growth  near  the  fracture  origin. 


Preliminary  evaluations  of  vs.  1’IF  curves  for  two  other  materials, 
96%  alumina  and  H.P.  Si^N^,  indicate  that  different  fracture  mechanisms 
occur  at  subcritical  crack  growtli  boundaries  in  these  other  materials. 
Therefore,  one  should  expect  different  mechanisms  and  different  criteria 
for  the  subcritical  crack  growth  boundary  in  various  ceramic  materials. 

The  fact  that  the  frequencies  of  various  individual  fracture  events 
at  are  different  from  those  at  crack  branching  has  implications  for 

theories  of  crack  propagation.  Clearly,  if  there  is  a variation  in  the 
frequencies  of  individual  fracture  events  with  , the  fracture  energy 
varies  with  crack  velocity.  In  comparing  the  fracture  energies  at 


criticality  with  those  at  crack  branching,  it  is  clear  that,  because  there 

is  no  necessary  relation  between  the  distributions  of  the  frequencies  of 

the  individual  fracture  events  at  criticality  and  at  crack  branching, 

there  is  no  necessary  relationship  between  fracture  energies  and  thus  no 

necessary  relationship  between  and  the  stress  intensity  factor  at  crack 

branching  (Kg) . This  result  is  important  because  it  has  been  argued  that 

there  is  a fixed  ratio  of  crack  branching  radius  to  critical  flaw  size 

(20  21) 

in  various  materials  ' ’ . If  this  were  correct  it  would  imply  that 

there  is  a direct  proportionality  between  Kg  and  KJC  which  would  hold  over 
a range  of  materials.  However,  it  appears  that  this  is  not  the  case  for 
the  reasons  given  above. 

The  existence  of  correlations  between  KI(,  and  the  types  of  individual 
fracture  events  occurring  on  the  fracture  surface,  indicates  some  hope  for 
development  of  improved  methods  of  determination  of  K . The  best  methods, 

1L 

currently  in  use,  involve  determination  of  the  curve  of  crack  velocity  vs. 

-4 

Kj,  selection  of  some  arbitrary  crack  velocity  usually  in  the  range  10  - l 

ms  \ and  estimation  of  as  the  value  at  this  velocity.  However, 
it  is  clear  from  the  fractographic  investigation  described  above  that  in 
H.P.  alumina  the  crack  grows  subcritically  until  Kj  becomes  high  enough 
for  increased  intergranular  fracture  to  occur.  Then,  the  structure  "lets 
go"  and  failure  occurs.  In  other  materials  the  mechanisms  may  vary  but 
they  should  be  identifiable.  Therefore,  it  may  be  desirable  to  define  KT 

Iv 

in  terms  of  the  change  in  the  types  of  individual  fracture  events  rather 
than  in  terms  of  an  arbitrary  crack  velocity. 


IV.  Conclusions 


1.  The  variations  of  PIF  with  confirm  that  there  is  a rela- 
tionship between  the  Kj.  values  of  the  individual  fracture  events  and 
the  types  of  fracture  events  occurring  in  H.P.  alumina  at  particular 
values  of  K^. 

2.  The  subcritical  crack  growth  boundary  in  H.P.  alumina  occurs 
near  the  lowest  minimum  in  PIF  (the  maximum  in  transgranular  fracture). 
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Earlier  observations  have  shown  that  the  areas  of  the  regions  of 
intense  reflecting  spots,  observed  at  fracture  origins  in  alumina  ceramics 
by  optical  microscopy,  vary  with  fracture  stress^  In  weak  specimens 

the  areas  are  relatively  large  and  in  strong  specimens  they  are  relatively 
small. 

(2  6} 

The  reflecting  spots  are  caused  by  areas  of  transgranular  fracture'  * 1 . 

The  fraction  of  transgranular  fracture  diminishes  gradually  with  distance 

from  the  fracture  origin^’ ^ but  the  eye  discerns  a fairly  definite 

boundary  of  reflecting  spots.  In  members,  uniformly  stressed  in  tension, 

the  stress  intensity  factor  (Kj) , at  various  points  on  the  boundary  of 

(8) 

a semi-elliptical  surface  crack  perpendicular  to  the  stress  (o)  is'  ' 

V _ „ 1/2  , o 0 9 1/4 

Kj  * — — (^)  (a  cos  0 + c sin  9) 


in  which  a and  c are  the  semi-axes  of  the  crack  as  indicated  in  Figures 
1A  and  B,  0 is  the  angle  between  the  c-axis  and  a line  joining  the  center 
of  the  ellipse  with  the  point  on  the  boundary  for  which  Kj  is  calculated, 
4>  is  the  elliptic  integral  having  the  form 


•2.  . 2.  1/2 


n/o 

*1  - / 2 [1  - (1  - ^2)sinZ0]  d0,  a S c 


(2) 


>2  - | / 4 [1  - (1  - sin20]  d0,  c s a 


1/2 


(3) 
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Figure  I Semi-elliptical  Surface  Flaws 
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Figure  2 Fracture  Stress  vs.  Flaw  Severity 
Squared  for  Reflecting  Spot 
Boundaries  in  H.  R Alumina  Fracture 
in  Flexure  at  Room  Temperature. 


so  that  = (— ) 4> , tor  a given  eccentricity  of  the  ellipse  and  Y is 
a geometrical  factor  that  accounts  for  the  location  of  the  crack,  surface 
or  internal,  and  the  si/e  oi  the  crack  relative  to  the  stressed  member. 
The  maxima  in  Kj  occur  aL  the  intersections  of  the  minor  axes  with  the 
elliptical  boundaries.  The  minima  in  Kj  occur  at  the  intersections  of 
the  major  axis  with  the  e ' ’ 5 pH oe  l boundary.  We  are  mainly  interested 
in  the  maximum  values  of  K ^ wnicii  occur  at  the  points  labeled  x in 
Figures  1A  and  R.  H.n  .•  vo  ■ >n  compute  these  maximum  values  using 


max 


Y 0 , 

- — \ a tor  c N a 
'1 
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...ax 


Y O , 

— i c for  a > c 
*1 
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The  sizes  oi  critical  flaws  are  related  to  the  fracture  stress 

(Oj)  by  expressions  that  are  similar  in  torm  to  equations  f4)  and  (5) 

above  in  which  is  equ-I  to  the  critical  stress  intensity  factor 

max 

where  is  a material  property.  The  qualitative  observations 

of  variations  In  reflecting  spots  referred  to  above  raised  the  question 
whether  or  not  the  location  of  the  reflecting  spot  boundary  is  related 
to  Oj-  by  similar  equations.  Therefore,  a and  c of  the  reflecting  spot 
area  were  measured  from  photographs  of  a number  of  hot  pressed  (H.P.) 
alumina  specimens,  3.3  mm  In  diameter,  fractured  in  flexure  from  surface 
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fracture  origins  in  regular  strength  tests  and  by  delayed  fracture.  The 


(3  4) 

detailed  procedures  were  described  previously  ’ . Although  the  applied 


stress  field  was  non-uniform,  the  variation  in  stress  across  the  reflecting 
spot  region  was  negligible  (less  than  about  10%). 

If  the  flaw  severity  is  defined  as  the  square  root  of  the  length  of 


the  minor  semi-axis  divided  by  4>^,  it  is  a measure  of  the  greatest  stress 


intensification  at  a crack.  Rearranging  (5)  and  taking  the  logarithm 
of  the  terms  yields 


(6) 


Therefore,  if  we  assume  that  there  is  a particular  maximum  value  of  the 

stress  intensity  factor,  say  KR,  at  which  the  reflecting  spot  boundary 

forms  along  the  minor  axis,  a plot  of  the  fracture  stress  (o^)  vs.  the 

flaw  severity  squared  should  have  a slope  of  -1/2.  Such  a plot  for  H.P. 

alumina  specimens  fractured  in  flexure  is  given  in  Figure  2.  Values  of 

were  taken  from  mathematical  tables.  A dashed  line  with  a slope  of  -1/2 

has  been  drawn  through  the  data.  Clearly,  the  slope  indicated  by  the 

2 -5 

data  is  close  to  -1/2.  KR  was  estimated  at  a value  of  C/4>^  of  4.5  • 10  m, 

1/2 

using  Y = 2.0  for  surface  cracks  yielding  = 6.6  MPam  . The  critical 

stress  intensity  factor  (KIC)  of  a similar  alumina  body  was  measured  by 

(9)  1/2 

Bansal  and  Duckworth  and  found  to  be  4.2  MPam  . Therefore,  KR  is 
substantially  greater  than  showing  that  the  reflecting  spot  boundary 
is  not  the  subcritical  crack  growth  boundary. 
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The  average  value  of  the  stress  intensity  factor  at  the  intersection 

of  the  major  axis  with  the  boundary  of  the  reflecting  spots  (Kj  ) was 

1/2  min 
calculated  yielding  5.5  MPam  . This  value  is  also  greater  than  K . 

lv 

The  variation  in  along  the  reflecting  spot  boundary  is  substantial 
and  is  clearly  different  from  the  constant  values  of  Kj  observed  along 
crack  branching  boundaries  (1^,1.) . This  observation  points  out  a contra- 
diction involved  in  characterizing  the  area  of  reflecting  spots  as  the 
"inner  mirror" If  the  area  of  reflecting  spots  were  associated  with 
crack  branching  as  implied  by  this  characterization,  should  be  constant 

around  the  boundary. 

(8) 

Bansal'  ' has  shown  that  the  areas  of  critical  flaws  (A)  are  related 
to  the  fracture  stress  by 


o 


f 


1.68  KIC 
Y A1/4 


(6) 


By  analogy,  one  might  expect  a similar  relation  to  hold  for  the  areas  of 

ellipses  formed  by  reflecting  spot  boundaries.  The  area  of  an  ellipse 

2 

is  nac  so  that  for  a semi-ellipse  — A = ac.  The  log  of  ae  is  plotted  vs. 

7T  1 

2 

log  — A in  Figure  3.  The  slope  is  -1/4,  as  expected. 

The  results  for  delayed  fracture  specimens  were  analyzed  similarly. 

The  average  calculated  at  the  minor  axis  intersections  was  6.6 
1/2 

MPam  , confirming  the  above  result  and  showing  that  the  observed 
increase  in  the  area  of  the  reflecting  spots  in  delayed  fracture  speci- 
mens is  a result  of  the  lower  fracture  stresses  caused  by  subcritical 
crack  growth  rather  than  being  a direct  result  of  loading  rate.  The 


Fracture  Stress-  MPa 


Figure  3 Fracture  Stress  vs.  Area  of  Ellipse  x 2/tt 
Formed  by  Reflecting  Spot  Boundaries 
in  H.R  Alumina  Fractured  in  Flexure  at 
Room  Temperature. 
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c-axes  of  the  ellipses  formed  in  delayed  fracture  specimens  appear  to 
be  greater  on  the  average  relative  to  the  a-axes,  compared  with  the 
specimens  fractured  in  regular  strength  tests.  This  difference  may  have 
occurred  as  a result  of  stress  corrosion  enhanced  crack  growth  along 
the  surface. 

In  conclusion,  it  has  been  shown  quantitatively  that  the  maximum 

stress  intensity  factor  at  the  reflecting  spot  boundary  in  H.P.  alumina 

1/2 

is  a material  property  with  a value  of  about  6.6  MPam  . However, 
the  fact  that  the  stress  intensity  factor  is  not  constant  at  all  points 
on  these  boundaries  indicates  that  the  reflecting  spot  regions  are  not 
analogous  to  the  mirrors  observed  in  glass  fracture  surfaces  which  are 
bounded  by  crack  branching. 
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Abstract 

The  percent  intergranular  fracture  (PIF)  was  measured  along  radii 

extending  from  fracture  origins  in  96%  alumina  specimens,  fractured  at 

various  loading  rates  and  temperatures,  and  plotted  versus  estimates  of 

stress  intensity  factors  (K^)  at  the  corresponding  crack  lengths.  Two 

types  of  curves  were  observed.  The  first  type  was  similar  to  curves 

previously  observed  for  hot  pressed  alumina.  In  this  case  the  subcritical 

crack  growth  boundary  was  located  approximately  where  the  minimum  in  the 

1/2 

PIF  occurred  near  = 4 MPam  as  was  also  the  case  for  hot  pressed 
alumina.  Therefore,  the  location  of  this  minimum  or  the  projecting  grains 
formed  by  intergranular  fracture  as  the  crack  velocity  increased  can  be 
used  as  criteria  for  locating  the  subcritical  crack  growth  boundary.  The 
second  type  of  curve  lacks  the  minima  in  PIF  characteristic  of  the  first 
type  and  is  characterized  by  a gradual  trend  toward  higher  PIF  beginning 
at  Kj  ^ 3MPam  . This  type  of  curve  may  be  caused  by  acceleration  of 
the  crack  to  high  crack  velocities  at  values  of  approximately  equal  to 
or  slightly  greater  than  those  necessary  to  cause  critical  crack  growth  on 
the  lower  fracture  energy  planes  in  sapphire.  Assuming  that  this  is  the 
case,  one  can  use  the  at  which  the  trend  toward  higher  PIF  begins  to 
calculate  the  radius  to  the  critical  flaw  boundary  for  this  type  of  frac- 
ture. 


r 


AO 


I.  Introduction 


Previous  research  has  shown  that,  in  polycrystalline  alumina  ceramics, 
fractures  originate  at  several  types  of  preexisting  flaws^1-7^.  Attempts 
to  correlate  the  flaw  sizes  and  the  fracture  stresses  of  individual  speci- 
mens have  achieved  only  partial  success.  The  principal  reason  for  the 

difficulties  is  that  subcritical  flaw  growth  increases  the  size  of  the 

(2) 

preexisting  flaws.  When  fracture  stress  (o^.)  is  estimated  using 


o 


f 


Z 

Y 


IC 

1/2 
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in  which  K ^ is  the  critical  stress  intensity  factor,  a is  the  flaw  size, 

Z is  the  flaw  shape  parameter  and  Y is  a geometrical  factor  accounting  for 
tlie  flaw  location  and  the  relative  sizes  of  the  flaw  and  specimen,  substi- 
tution of  the  sizes  of  pores,  large  crystals  or  other  flaws  at  the  fracture 
origins  yields  overestimates  of  the  fracture  stress  because  of  failure  to 
account  for  subcritical  crack  growth.  One  cannot  accurately  calculate  these 
fracture  stresses  without  reliable  evidence  of  the  flaw  size  and  shape  when 
the  stress  intensity  factor  (K^)  equals  K|(,. 

One  way  to  determine  the  critical  flaw  size  and  shape  is  to  determine 
a t ractograph ic  criterion  for  the  critical  flaw  boundary  so  that,  by 
applying  such  a criterion,  the  critical  flaw  can  be  outlined  by  post 
mortem  f ractographic  examination.  Bansal  , Duckworth  and  Niesz^  used 
calculations  based  on  measured  fracture  stresses  and  assumed  flaw  shapes 


' / 


to  draw  critical  flaw  boundaries  on  a small  number  of  fracture  surfaces  in 


4 J 

96%  alumina.  These  boundaries  appeared  to  coincide  with  fracture  featuri  .. 
(8) 

Kirchner  and  Gruverv  developed  a f ractographic  criterion  for  subcriiical 
crack  growth  boundaries  in  hot  pressed  (H.P.)  alumina  based  on  the  varia- 
tion  of  the  ratio  of  intergranular  to  transgranular  fracture  with  K^. 

In  this  investigation,  fracture  surfaces  of  96%  alumina  specimens 
were  characterized  by  optical  and  scanning  electron  microscopy  (SEM) , 
including  stereo  SEM.  The  results  were  used  to  suggest  f ractographic 
criteria  for  subcritical  crack  growth  boundaries  in  this  material. 
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II.  Procedures 

* 

96%  alumina  specimens  , fractured  in  earlier  investigations,  were 
analyzed  by  f ractography . Preparation  and  testing  of  these  specimens 
was  described  previously ^ ^ . The  specimens  were  cylindrical  rods, 

3.2  mm  diameter,  with  a specific  gravity  of  3.71  and  average  grain  size  in 
the  range  5-7  pm. 

The  percentages  of  intergranular  and  transgranular  fracture,  along 
radii  extending  from  the  fracture  origins,  were  determined  using  scanning 
electron  micrographs  (1000  or  2000  X)  which  were  taken  at  intervals  along 
the  radii  and  assembled  to  form  composite  photographs  of  the  fracture 
surfaces.  A grid  with  spaces  approximately  equal  to  one  grain  size  at 
2000  X and  ten  spaces  wide  was  prepared.  The  grid  was  placed  on  the 
composite  photograph  and  the  fracture  surface  at  the  center  of  each  grid 
space  was  examined  and  classified  as  to  whether  it  was  intergranular  or 
transgranular,  characterizing  a path  about  ten  grains  wide.  This  process 
was  repeated  for  adjoining  rows  of  the  grid.  The  percentages  of  inter- 
granular and  transgranular  fracture  varied  considerably  from  one  row  to 
the  next  so  averages  were  calculated  for  each  row  which  included  the  results 
of  the  preceding  and  following  rows  to  form  three  row  running  averages. 

The  stress  intensity  factors  were  calculated  for  each  row  using  the 

(2) 

following  equation  for  semi-circular  surface  cracks 

1/  Y / N^2  /ON 

KI  “ Z °f  ^ 


•k 

ALSIMAG  614,  3M  Company,  Chattanooga,  Tenn. 


43 


' / 


in  which  a is  the  crack  depth,  a is  the  fracture  stress,  Y is  a geometrical 

r 

parameter  (2  for  surface  flaws  and  1.8  for  internal  flaws),  and  Z is  a flaw 
shape  parameter  = 1.57  for  semicircular  cracks).  This  equation  assumes 
a planar  crack.  Furthermore,  this  equation  is  strictly  correct  only  for 
delayed  fracture  specimens  for  which  the  applied  stress  is  constant.  For 
specimens  fractured  by  a linearly  increasing  load,  is  overestimated 
when  Kj  < Kj(,  because  the  stress  is  overestimated.  However,  a computer 
simulation  of  crack  growth  in  this  alumina  involving  numerical  integration 
of  the  crack  velocities  (V)  using  the  empirical  relation  V = AK^1  revealed 
that  991  of  the  crack  growth  occurred  in  the  last  6%  of  the  time.  Therefore, 
the  error  in  the  calculated  values  is  small  for  most  of  the  crack  growth. 
The  equation  was  suitably  modified  when  it  was  applied  to  internal  penny- 
shaped  cracks.  Using  the  information  from  the  procedures  described  above, 
curves  of  Kj  vs.  Percent  Intergranular  Fracture  (PIF)  were  plotted  and 
ana lyzed . 
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III.  Results  and  Discussion 


A.  Fractographv  of  96%  alumina 

Fractographic  examinations  can  be  used  to  locate  and  characterize 
flaws  at  fracture  origins  and  to  establish  relationships  between  fracture 
features  and  the  stress  intensity  factor  acting  at  the  crack  tip  at 
each  point  during  crack  propagation,  for  various  loading  conditions 
(loading  rate,  temperature  and  environment).  In  the  following  para- 
graphs these  relationships  will  be  discussed  for  reflecting  spots, 
transgranular  fracture  at  adjacent  grains,  and  subcritical  crack  growth 
at  pores. 


Reflecting  spots 

It  is  well  known  that  fracture  origins  in  alumina  ceramics  are  sur- 
rounded by  fracture  features  that  reflect  incident  light  called  reflecting 
spots^*^*'4*  \ Reflecting  spots  in  one  half  of  a specimen  correspond  in 
detail  to  reflecting  spots  in  the  other  half  as  shown  in  Figure  1.  There- 
fore, one  might  anticipate  that  the  reflecting  spots  are  caused  by  reflections 
from  regions  of  transgranular  fracture  because  these  features  are  normally 
the  only  features  with  the  same  appearance  in  both  halves  of  the  specimen. 

That  this  is  the  case  is  illustrated  in  Figure  2 where  the  regions  of 
transgranular  fracture  surrounding  the  pore  are,  after  allowing  for  the 
small  difference  in  magnification,  identical  in  size  and  shape  to  the 
reflecting  spots.  It  should  be  noted  that  not  all  of  the  regions  of 
transgranular  fracture  can  be  in  the  reflecting  position  at  one  orientation 
but  that  small  changes  in  orientation  would  cause  the  other  regions  of 


transgranular  fracture  to  reflect. 


Figure  I Comparison  of  reflecting  spots  in  both 
halves  of  a 96%  alumina  specimen 
( Specimen  AR-  2 , fractured  in  flexure  at 
room  temperature  at  434  MPa). 


A.  Reflecting  spots  , 160k 


B.  Areos  of  tronsgranular  fracture , 200x 

Figure  2 Comparison  of  reflecting  spots  and  areas  of 
transgranular  fracture  in  96%  alumina 
( Specimen  N - 37  fractured  at  -196  °C  ) 
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The  area  of  reflecting  spots  varies  with  fracture  stress  and  loading 

rate.  The  areas  are  relatively  large  for  weak  specimens  or  those  loaded 

at  low  loading  rates  and  relatively  small  for  those  that  are  strong  or 

(9) 

loaded  at  high  loading  rates  . These  observations  lead  one  to  associate 
reflecting  spots  and  transgranular  fracture  with  subcritical  crack  growth. 
However,  the  area  of  reflecting  spots  is  not  the  region  of  subcritical 
crack  growth  because  calculations  of  the  stress  intensity  factors  at  the 
reflecting  spot  area  boundaries  yield  values  of  K^.  that  are  greater  than 


At  a given  fracture  stress  there  is  a greater  area  of  reflecting 
spots  when  fracture  originates  at  a pore  than  there  is  when  fracture 
originates  at  other  types  of  flaws.  This  difference  is  particularly 
great  in  the  case  of  fractures  at  -196°C  or  under  impact  loading.  It 
may  be  caused  by  the  fact  that  pores  are  less  effective  stress  concen- 
trators than  other  types  of  flaws  so  that  substantial  subcritical  crack 

growth  must  occur  before  the  combined  pore  and  crack  act  as  a sharp  crack. 

(2) 

Evans  and  Tappin  have  shown  that  this  does  not  happen  until  the  crack 
grows  to  a length  equal  to  0.3  of  the  pore  radius.  Pores  as  large  as  75  urn 
in  radius  have  been  observed  at  fracture  origins  in  96%  alumina  so  that 
25  pm  of  additional  subcritical  crack  growth  is  required  in  this  case. 

The  above  observations  of  reflecting  spots  and  their  association  with 
transgranular  fracture  suggest  that  significant  observations  should  result 
from  investigation  of  the  variations  of  transgranular  and  intergranular 
fracture  in  96%  alumina. 
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It  Is  only  when  I ho  er.tok  I -t  nt  t oinpl  I ng  I o pt  opng.it  o In  d I root  Ions  110.11 
tin-  h.isnl  pi. mo  t lint  I hoi  o Is  siihslnnti.il  I lie  10. iso  in  Irnoture  energy. 
I'hoioloio,  it  Is  not  surprising  th. it  nooks  o.m  pmpngnto  I 1 .insgrnnu  1 nr  1 v 
ovoi  l.irgo  dist.moos  in  po  I yi-rys  I n 1 I I no  nluiiiinu  ooinnilos  with  little  oh.m> 
I n dll  00 1 t on . 

The  ninehnnlsm  hv  wlileli  the  tr.msgtnnul.il  I 1 .n  lure  spionds  I t >'in  one 
groin  to  .molhot  li.is  not  yet  been  os  t .lb  I I shod . Ilowovet  , l.mkloid' 


surface  of  96%  alumina, stereo  pair  (Specimen 
E-4,  lOOOx). 
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has  shown  that,  In  a coarse  grained  alumina  , twins  tend  to  propagate 

from  one  grain  to  the  next  and  that  microcracks  initiate  at  the  twins. 

Furthermore,  he  has  shown  that  the  twinning  is  a time  consuming  process 

that,  based  on  a very  long  extrapolation  of  acoustic  emission  data,  will 

8 —1 

be  suppressed  at  strain  rates  of  10  sec  . Therefore,  twinning  is  a 
possible  mechanism  by  which  transgranular  fracture  might  spread  from 
grain  to  grain  but  with  decreasing  frequency  as  the  crack  accelerates. 

Subcritical  crack  growth  at  pores 

Stereo  SEM  was  used  to  examine  fracture  surfaces  surrounding  pores. 

An  example,  specimen  N-37  fractured  in  flexure  at  -196°C,  is  shown  in 

Figure  4.  The  fracture  originated  at  the  large  pore  near  the  center  of 

the  photo  as  indicated  clearly  by  lines  radiating  from  the  pore.  The 

pore  is  surrounded  by  a region  of  transgranular  fracture.  The  straight 

edges  under  the  pore  indicate  that  at  least  part  of  the  pore  was  bounded 

by  a large  grain  but  it  is  clear  that  the  area  of  transgranular  fracture 

spreads  into  other  grains.  It  has  been  argued  that  the  fracture  stresses 

at  pores  can  be  calculated  by  assuming  that  the  pore  is  surrounded  by  a 

crack  one  average  grain  size  in  depth.  These  arguments  have  been  re- 

(4) 

viewed  in  detail  by  Rice  . In  the  present  case  one  can  estimate  the 
critical  flaw  size  assuming  a penny-shaped  crack,  using  Equation  (1).  The 
resulting  flaw  radius  is  43  pm.  This  radius  is  clearly  much  larger  than 
the  radius  of  the  pore  plus  one  average  grain  size  and  it  is  also  larger  than 
the  distance  from  the  center  of  the  pore  to  the  straight  boundary  below  the 
pore.  Therefore,  it  is  clear  that  in  the  present  case,  no  simple  rule 

k 
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such  as  use  of  the  radius  of  the  pore  plus  one  average  grain  size  can  be 
applied . 

Further  examination  of  the  fracture  surface  reveals  that  many  of  the 
other  pores,  perhaps  all  of  them,  are  surrounded  by  similar  regions  of 
transgranular  fracture.  This  observation  raises  the  question  whether 
this  transgranular  fracture  occurs  as  the  crack  front  sweeps  past  the 
pores  during  fast  fracture  or,  alternatively,  whether  it  has  occurred 
by  subcritical  crack  growth  before  fast  fracture  begins  at  the  fracture 
origin.  If  this  transgranular  fracture  had  occurred  as  the  crack  front 
swept  past  the  pore,  one  might  expect  the  regions  before  the  crack 
reaches  the  pore  (the  near  side)  to  be  a combination  of  intergranular 
and  transgranular  fracture  like  the  surrounding  fracture  surface  and 
to  observe  transgranular  fracture  mainly  on  the  far  side  of  the  pore. 
Examination  of  the  regions  surrounding  pores  shows  that  this  is  not  the 
case.  Therefore,  the  present  evidence  suggests  that  subcritical  crack 
growth  occurred  at  most  of  the  pores  as  the  specimen  was  loaded. 

B.  Relationships  between  stress  intensity  factor  and  percent  intergranular 

fracture 

Curves  of  stress  intensity  factor  (K^)  vs.  percent  intergranular 
fracture  (PIF)  were  plotted.  Two  distinct  types  of  curves  were  observed. 

One  type  was  very  similar  to  those  obtained  for  fine  grained  H.P. 

/ Q \ 

alumina'  , showing  significant  maxima  and  minima  in  PIF  at  various 
values  of  . An  example,  for  a specimen  fractured  in  flexure  at  room 
temperature,  is  given  in  Figure  5.  The  surface  flaw  propagated  as  an 


Stress  Intensity  Factor-MPam 


7 


3.8  MPa  m 


430  MPa 


0 10  20  30  40  50  60  70  80  90  100 
Percent  Intergranular  Fracture 

Figure  5 Stress  Intensity  Factor  vs.  Percent 
Intergranular  Fracture;96%  Alumina 
(Specimen  R-4  fractured  in  flexure 
at  room  temperature). 
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approximately  semi-circular  surface  crack.  As  in  the  case  of  H.P.  alumina, 
there  is  a rough  correspondence  between  the  values  of  at  the  minima  in 
PIF  and  the  values  of  K for  fracture  in  various  crystallographic  direc- 

1L. 

tions  in  sapphire  which  were  calculated  using  fracture  energies  measured 

by  Wiederhorn^^  ’ and  listed  in  Table  I.  In  particular,  the  minimum 

1/2  1/2  — 
at  about  4.1  MPam  is  close  to  K = 4.3  MPam  for  the  {1126}  fracture 

1/2  1/2 

plane  and  the  minima  at  5.1  and  5.7  MPam  are  close  to  = 5.6  MPam 

which,  based  on  Wiederhorn's  observations,  is  the  value  at  which  the 

fracture  alternates  between  {1012}  rhombohedral  surfaces  and  chonchoidal 

— 2 

surfaces  roughly  parallel  to  {0114}  planes.  At  > 5.7  MPam  there  is 

a strong  trend  toward  intergranular  fracture.  for  nominally  the  same 

96%  A^O^  was  measured  by  Bansal  and  Duckworth^^  yielding  3.8  MPam^^. 

1/2 

Thus,  the  location  of  the  minimum  at  K^.  = 4.1  MPam  corresponds  approxi- 
mately with  the  location  at  which  for  the  polycrystalline  material 

as  observed  for  H.P.  alumina. 

Two  views  of  the  fracture  surface  of  this  specimen  are  given  in 
Figure  6.  Figure  6A  is  a general  view  of  the  fracture  surface  showing  the 
flaw  at  the  fracture  origin  surrounded  by  a darker  region.  At  higher 
magnification  in  Figure  6B,  the  darker  region  is  clearly  shown  to  be  a 
region  of  transgranular  fracture.  This  region  is  bounded  by  a region  that 
is  much  rougher  and  more  varied  in  appearance.  Voids  of  various  irregular 
shapes  and  sizes  form  a rough  semicircle  at  the  boundary.  Also,  there  are 
a substantial  number  of  individual  grains,  fractured  intergranular ly , 
projecting  above  the  average  level  of  the  surface  just  outside  this 
boundary.  The  coexistence  of  these  features  suggests  that  many  of  the 


I 
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Table  I.  Fracture  Energies^  ’ ^ and  Critical  Stress  Intensity  Factors 

for  Several  Crystal  Lattice  Planes  in  Sapphire. 


Fracture  Plane 

Fracture  Energy 

. -2 

Jm 

Critical  Stress 

Intensity  Factor 

MPam  1/2 

1012 

6.0 

2.15  (1.7)* 

ioTo 

7.3 

2.4 

H26 

24. 4 

4.3 

0001 

>40 

>5.6 

A.  Fracture  surface  (30x) 


B.  Fracture  origin  (500x) 


Figure  6 Fracture  surface  and  fracture  origin  in 
96%  alumina  (Specimen  R-4 ,fractured 
at  room  temperature  at  430  MPa). 


voids  are  the  result  of  pullouts  of  the  intergranular! y fractured  grains. 

The  flaw  radius  at  this  boundary  is  50  pm  which  corresponds  to  = 3.9 

1/2 

MPam  , a value  very  close  to  of  the  polycrystalline  material. 

Somewhat  similar  results  were  obtained  for  a specimen  fractured 
in  flexure  at  -196°C.  At  this  temperature,  the  strength  of  96%  alumina 
is  much  greater  than  it  is  at  room  temperature  and  the  material  is  much 

(5  q) 

less  susceptible  to  surface  flaw  failure  ’ . Fracture  in  this  particu- 

lar specimen  which  is  the  same  as  that  illustrated  previously  in  Figures 
2 and  4,  originated  at  a pore  located  about  60  pm  from  the  surface  at  a 
stress  of  623  MPa.  Near  the  origin  the  fracture  is  primarily  transgranular . 
The  vs.  P1F  curve  is  given  in  Figure  7.  The  fracture  surface  has  such 
a high  degree  of  transgranularity  that  opportunities  for  the  minima  to 

manifest  themselves  are  limited.  There  is  an  increase  in  IMF  at 

1/2  1/2 

values  above  4 MPam  , followed  by  a decrease  to  0%  P1F  at  4.9  MPam 

1/2 

Above  Kj  * b MPam  there  is  a strong  trend  toward  increasing  P1F  as 
there  was  in  the  previous  case. 

One  cannot  make  a definite  comparison  between  the  variations  in  IMF 
and  of  the  polycrystalline  material  because  Kj  , has  not  been  measured 
for  this  material  at  -196°C.  If  one  assumes  that  the  fracture  mechanisms 
at  the  critical  crack  growth  boundary  and  at  crack  branching  vary  the  same 
way  at  -196°C  as  they  do  at  room  temperature,  one  can  estimate  , at  -196°C. 

_ i / > 

from  the  slopes  of  fracture  stress  -(mirror  radius)  “ curves  which  are 

proportional  to  the  stress  intensity  factors  at  crack  branching.  These 

1/2  ] / ">  (17) 

slopes  are  8.3  MPam  “ at  room  temperature  and  10.0  MPam  “ at  -196°C 


Estimated  Ktp  = 4.6 MPa m 


(jr  = 623  MPa 


0 10  20  30  40  50  60  70  80  90  100 
Percent  Intergranular  Fracture 

Figure  7 Stress  Intensity  Factor  vs.  Percent 
Intergranular  Fracture  in  96% 
AI2O3  (Specimen  N-37  fractured 
in  flexure  at  ~I96°C). 


A calculation  based  on  the  assumption  that  K 


V) 


^ varies  in  proportion  to 

\ > 

these  slopes,  yields  an  estimated  K ot  -t.h  Ml'.n  at  -196°C. 

A composite  photograph  of  a portion  of  this  fracture  surface  is  shown 
in  Figure  8.  The  pore  at  the  fracture  origin  is  indicated  near  the  top 
of  the  figure.  The  scale  at  the  right  indicates  the  stress  intensity 
factors  acting  at  the  tip  of  the  crack  when  the  crack  was  at  that  particu- 
lar distance  from  the  fracture  origin.  Only  cursory  examination  is  needed 
to  show  that  there  is  substantial  variation  in  the  fracture  features  from 
one  portion  of  the  fracture  surface  to  another  and  that  the  features  vary 
with  stress  intensity  factor. 

The  region  near  the  pore  is  a region  of  100%  transgranular  fracture. 

Apparently,  the  crack  grew  around  the  pore  on  slightly  different  planes 

forming  the  tail  extending  from  the  left  side  of  the  pore.  As  the  distance 

from  the  pore  increased  there  is  increasing  evidence  of  intergranular 

fracture  and  pullouts.  The  boundary  at  which  equals  the  estimated 

passes  through  some  grains  fractured  intergranularly . Beyond  this 

boundary  there  is  increasing  evidence  of  disruption  of  the  fracture  surface 

caused  by  higher  values  of  K^,  including  cleavage  steps  and  other  fracture 

markings.  One  of  the  most  interesting  of  these  markings  is  indicated  by 

the  letter  A.  The  suggestion  has  been  made  that  these  are  so-called 

cathedral  dome  markings  that  are  observed  bounding  fracture  mirrors  in 

fractures  of  sapphire  single  crystals.  The  markings  at  A can  be  compared 

with  those  observed  in  sapphire  and  attributed  to  rhombohedral  cleavage 

(18) 

by  Abdel-Latif,  Tressler  and  Bradt  1 . If  this  identification  is  correct. 
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Figure  8 Composite  photograph  of  the  fracture  surface 
along  a radius  from  the  fracture  origin  in  96% 
alumina  (Specimen  N-37,  fractured  at  -196  °C). 


the  features  may  have  arisen  as  a result  of  crack  formation  in  advance 

of  the  crack  front.  If  that  is  the  case  it  may  be  possible  to  estimate 

the  stress  at  which  the  crack  formed  in  advance  of  the  crack  front  using 

(3  17  19) 

fracture  stress-mirror  size  relations  ’ ’ 

The  fracture  energy  at  a particular  stage  of  crack  propagation  is 
the  sum  of  the  fracture  energies  of  the  individual  fracture  events 
(transgranular  and  intergranular  fracture  on  various  lattice  planes, 
microplastic  processes,  etc.).  These  processes  have  extremely  variable 
fracture  energies  as  shown  in  Table  I.  The  frequencies  of  the  processes 
vary  substantially  with  and  crack  velocity  as  shown  in  Figure  8.  There- 
fore, substantial  variations  in  fracture  energy  at  various  stages  of  crack 
propagation  should  be  expected. 

The  second  type  of  K^.  vs.  PIF  curve  is  given  in  Figure  9 for  a 
specimen  fractured  in  flexure  at  room  temperature.  This  curve  bears 

/Q\ 

little  resemblance  to  the  curves  obtained  for  H.P.  aluminav  ' . The 

fracture  is  transgranular  near  the  fracture  origin  but  above  some  value 

1/2 

of  Kj,  in  this  case  about  3 MPam  , there  is  a gradual  trend  toward 
intergranular  fracture.  It  is  suggested  that  this  second  type  of  curve 
occurs  when  the  crack  propagation  goes  critical  with  respect  to  single 
crystal  values  near  the  fracture  origin  and  the  crack  is  not  arrested 
by  the  surrounding  material.  The  importance  of  single  crystal  values 
in  determining  the  fracture  stress  of  coarse  grained  ceramics  has  been 
emphasized  by  R.  W.  Rice  and  co-workers . If  the  present  explanation 
is  correct  it  means  that  the  96%  alumina  is  a material  having  relative 
flaw  sizes  and  grain  sizes  in  a transition  range.  It  would  be  reasonable 


Figure  9 Stress  Intensity  Factor  vs.  Percent 
Intergranular  Fracture  (Specimen 
R-ll,  fractured  in  flexure  at  room 
temperature). 


to  expect  this  second  type  of  behavior  in  cases  in  which  several  grains 
near  the  fracture  origin  are  oriented  favorably  for  crack  propagation  at 
low  values  of  K . As  soon  as  the  crack  velocity  increases  above  that 
characteristic  of  K the  crack  will  tend  to  go  around  the  smaller  grains 
for  which  the  deviation  of  the  crack  from  the  average  plane  of  the  crack  is 
small  but  it  will  continue  to  go  through  the  larger  grains  for  which  the 
deflection  of  the  crack  would  be  too  large.  Therefore,  as  the  crack 
velocity  increases  PIF  also  increases. 

The  fracture  surface  of  a specimen  fractured  by  delayed  fracture 
after  622  seconds  under  load  was  analyzed.  The  original  study  of  this 
fracture  using  a photograph  taken  at  a magnification  of  600  X indicated 
a very  flat  fracture  surface  consisting  almost  entirely  of  transgranular 
fracture.  However,  at  higher  magnification  (1000  X)  the  appearance  of 
the  surface  was  quite  different  especially  in  revealing  clusters  of  small 
crystals  separated  by  intergranular  fracture  and  surrounding  larger 
areas  of  transgranular  fracture.  The  vs.  PIF  curve  for  this  specimen 
is  also  characteristic  of  this  second  type  of  behavior. 

C.  Criteria  for  subcritical  crack  growth  boundaries 

The  existence  of  the  two  types  of  behavior  noted  above  makes  the 

task  of  determining  subcritical  crack  growth  boundaries  in  96%  alumina 

considerably  more  difficult  than  it  was  in  H.P.  alumina.  For  the  first 

type  of  behavior  which  was  somewhat  similar  to  that  observed  in  H.P. 

alumina,  it  may  be  possible  in  some  cases  to  determine  the  location  of  the 

1/2 

minimum  in  PIF  near  * 4 MPam  and  use  this  boundary  as  the  subcritical 
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crack  growth  boundary.  In  other  cases  there  may  be  very  little  inter- 
granular fracture  so  this  minimum  may  be  poorly  defined.  In  those  cases 
it  may  be  possible  to  use  the  boundary  determined  by  isolated  projecting 
grains  (intergranularly  fractured  grains)  from  the  fracture  surface  as 
illustrated  by  Figures  8 and  10.  In  Figure  10  the  projecting  grains 
seem  to  be  of  average  size  whereas  those  in  Figure  8 and  the  one  illustrated 
by  Bansal  and  Duckworth^  were  larger  than  average  size. 

As  a means  of  confirming  the  location  of  the  subcritical  crack  growth 
boundary  for  the  first  type  of  behavior,  one  can  locate  the  boundary 
formed  by  the  onset  of  cleavage  steps  and  other  signs  of  severe  disturbance 
in  a substantial  fraction  of  grains.  This  boundary  falls  at  a greater 
distance  from  the  fracture  origin  than  that  of  the  subcritical  crack  growth 
boundary.  Therefore,  by  comparing  the  locations  of  various  alternative 
subcritical  crack  growth  boundaries  with  this  boundary  formed  by  the  onset 
of  cleavage  steps,  one  may  be  able  to  make  a more  reliable  decision. 

Locating  the  subcritical  crack  growth  boundary  for  the  second  type  of 
behavior  is  more  difficult.  No  particular  fracture  features  were  noted 
at  low  values  of  stress  intensity  factor.  Therefore,  the  best  procedure 
seems  to  be  to  consider  the  stress  intensitv  factor,  at  which  the  long  trend 
toward  increasing begins, as  the  critical  stress  intensity  factor  at  this 


boundary.  The  crack  depth  to  this  boundary  can  be  calculated  using  Equation 
(1)  making  it  possible  to  locate  the  boundary. 
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Figure  10  Fracture  surface  of  a 96%  alumina 

specimen  fractured  at  room  temperature 
stereopair,(Specimen  R-8,  fracture  stress 
457  MPa ) mag. 
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IV.  Conclusions 

As  in  the  case  of  H.P.  alumina,  vs.  PIF  curves  can  be  used  to 

determine  criteria  for  locating  subcritical  crack  growth  boundaries  in 

96%  alumina.  Two  types  of  curves  were  observed.  The  first  of  these 

types  seems  to  be  similar  in  most  respects  to  curves  plotted  for  H.P. 

alumina.  96%  alumina  has  a greater  tendency  to  fracture  transgranular ly 

near  fracture  origins,  compared  with  H.P.  alumina.  This  tendency  may 

be  a result  of  the  larger  grain  size.  The  fact  that  fractures  around  the 

grains  (intergranular  fracture)  require  greater  deviations  from  the 

main  fracture  plane;  and  that  such  deviations  would  require  more  energy, 

favors  transgranular  fracture.  As  in  H.P.  alumina,  the  subcritical 

crack  growth  boundaries  of  96%  alumina  specimens  characterized  by  the 

first  type  of  curve,  can  be  located  using  the  minimum  in  the  vs.  PIF 

1/2 

curve  near  K.^  = 4 MPam  . If  there  is  so  little  intergranular  fracture 
that  the  minima  do  not  have  an  opportunity  to  manifest  themselves,  the 
boundary  can  be  located  at  the  boundary  indicated  by  isolated  grains 
projecting  from  the  fracture  surface. 

The  second  type  of  curve  is  characterized  by  a trend  toward  higher 

1/2 

PIF  beginning  at  much  lower  (near  = 3 MPam  ).  It  is  suggested 
that  this  type  of  curve  may  be  observed  in  cases  in  which  the  crack  front 
accelerates  to  high  velocities  while  it  is  propagating  at  values 
slightly  above  the  values  for  fracture  on  particular  lattice  planes 
of  the  individual  crystals.  As  the  crack  accelerates  there  is  insuf- 
ficient time  for  transgranular  fracture  to  occur  in  an  increasing  fraction 


67 


of  cases  so  that  there  is  a gradual  increase  in  PIF.  If  this  interpretation 
is  correct,  it  indicates  that  the  96%  alumina  is  a transition  material, 
as  far  as  grain  size  is  concerned.  In  other  words,  in  some  cases  the 
crack  propagation  goes  critical  at  values  characteristic  of  a fine 
grained  polycrystalline  material  and  in  other  cases  it  goes  critical  at 
lower  values  of  just  above  the  values  measured  for  fracture  on 
individual  lattice  planes  that  fracture  at  relatively  low  fracture  ener- 
gies. 


1 


Acknowledgments 


The  authors  are  pleased  to  acknowledge  the  contributions  of  their 
associates  at  Ceramic  Finishing  Company,  helpful  discussions  with  R.  W. 
Rice,  J.  J.  Mecholsky  and  P.  F.  Becker  at  the  Naval  Research  Laboratory 
and  Professor  R.  E.  Tressler  at  The  Pennsylvania  State  University,  and 
the  sponsorship  of  the  Naval  Air  Systems  Command. 


69 


References 


1. 


2. 


3. 


4. 


5. 


6. 


7. 


8. 


9. 


10. 


11. 


12. 


H.  P.  Kirchner,  W.  R.  Buessem,  R.  M.  Gruver,  D.  R.  Platts,  and 
Ralph  E.  Walker,  "Chemical  Strengthening  of  Ceramic  Materials," 
Ceramic  Finishing  Company  Summary  Report,  Contract  N00019-70-C-0418 
(December,  1970). 


A.  G.  Evans  and  G.  Tappin,  "Effects  of  Microstructure  on  the  Stress 
to  Propagate  Inherent  Flaws,"  Proc.  Brit.  Ceram.  Soc.  20,  275-297 
(June,  1972). 


H.  P.  Kirchner  and  R.  M.  Gruver,  "Fracture  Mirrors  in  Alumina 
Ceramics,"  Phil.  Mag.  27  (6)  1433-1446  (June,  1973). 

R.  W.  Rice,  "Fractographic  Identification  of  Strength  Controlling 
Flaws  and  Microstructure,"  from  Fracture  Mechanics  of  Ceramics, 

Vol . 1,  Edited  by  R.  C.  Bradt,  D.  P.  H.  Hasselman  and  F.  F.  Lange, 
Plenum,  New  York  (1974),  pages  323-345. 

R.  M.  Gruver,  W.  A.  Sotter  and  H.  P.  Kirchner,  "Variation  of  Frac- 
ture Stress  with  Flaw  Character  in  96%  AI2O3,"  Bull.  Amer.  Ceram. 
Soc.  55  (2)  198-202  (February,  1976). 


H.  P.  Kirchner,  R.  M.  Gruver  and  W.  A.  Sotter,  "Characteristics  of 
Flaws  at  Fracture  Origins  and  Fracture  Stress-Flaw  Size  Relations 
in  Various  Ceramics,"  Mater.  Sci.  Eng.  22,  147-156  (1976). 


G.  K.  Bansal,  W.  H.  Duckworth  and  D.  E.  Niesg,  "Strength-Size 
Relations  in  Ceramic  Materials:  Investigation  of  an  Alumina  Ceramic, 
J.  Amer.  Ceram.  Soc.  59  (11-12)  472-478  (1976). 


H.  P.  Kirchner  and  R.  M.  Gruver,  "A  Fractographic  Criterion  for 
Subcritical  Crack  Growth  Boundaries  in  Hot  Pressed  Alumina," 
Submitted  for  publication. 

R.  M.  Gruver,  W.  A.  Sotter  and  H.  P.  Kirchner,  "Fractography  of 
Ceramics,"  Ceramic  Finishing  Company  Summary  Report,  Contract 
N00019-73-C-0356  (November,  1974). 

P.  F.  Becher,  "Fracture  Strength  Anisotropy  of  Sapphire,"  J.  Amer. 
Ceram.  Soc.  59  (1-2)  59-61  (1976). 

J.  Lankford,  "Compressive  Strength  and  Microplasticity  in  Poly- 
crystalline Alumina,"  J.  Mater.  Sci.  12,  791-796  (1977). 

J.  Lankford,  Jr.,  "Tensile  Failure  of  Unflawed  Polycrystalline 
Alumina,"  J.  Mater.  Sci.  13,  351-357  (1978). 


70 


13.  J Lankford,  Jr.,  "Compressive  Microfracture  and  Indentation  Damage 
in  Alumina,"  from  Fracture  Mechanics  of  Ceramics,  Vol.  3,  Edited 

by  R.  C.  Bradt,  D.  P.  H.  Masse lman,  and  F.  F.  Lange,  Plenum,  New 
York  (1978),  p.  243-255. 

14.  S.  M.  Wiederhorn,  "Fracture  of  Sapphire,"  J.  Amer.  Ceram.  Soc.  52 
(9)  485-491  (1969). 

15.  S.  M.  Wiederhorn,  "Subcritical  Crack  Growth  in  Ceramics,"  from 
Fracture  Mechanics  of  Ceramics,  Vol.  2,  Edited  by  R.  C.  Bradt, 

D.  P.  H.  Hasselman  and  F.  F.  Lange,  Plenum,  New  York  (1974),  p.  190. 

16.  G.  K.  Bansal  and  W.  H.  Duckworth,  "Effect  of  Specimen  Size  on  Ceramic 
Strengths,"  from  Fracture  Mechanics  of  Ceramics,  Vol.  3,  Edited  by 

R.  C.  Bradt,  D.  P.  H.  Hasselman  and  F.  F.  Lange,  Plenum,  New  York 
(1978),  pp.  189-204. 

17.  H.  P.  Kirchner,  R.  M.  Gruver,  W.  A.  Setter,  "The  Variation  of 
Fracture  Mirror  Radius  with  Fracture  Stress  for  Polycrystalline 
Ceramics  under  Various  Loading  Conditions,"  Ceramic  Finishing 
Company  Technical  Report  No.  2,  Contract  N00014-74-C-0241  (1974). 

18.  A.  I.  A.  Abdel-Latif,  R.  E.  Tressler  and  R.  C.  Bradt,  "Fracture 
Mirror  Formation  in  Single  Crystal  Alumina,"  from  Fracture  1977, 

Vol.  3,  Edited  by  D.  M.  R.  Tappin,  University  of  Waterloo  Press, 
Waterloo,  Ontario  (1977),  pp.  933-939. 

19.  H.  P.  Kirchner,  "The  Strain  Intensity  Criterion  for  Crack  Branching 
in  Ceramics,"  Eng.  Fracture  Mechanics  10,  283-288  (1978). 

20.  R.  W.  Rice,  "Microstructure  Dependence  of  Mechanical  Behavior  of 
Ceramics,"  from  Treatise  on  Materials  Science  and  Technology, 

Vol.  II,  Academic  Press,  New  York  (1977). 


A Fractographic  Criterion  for  Subcritical  Crack  Growth 
Boundaries  at  Internal  Fracture  Origins  in 
Hot  Pressed  Silicon  Nitride 


H.  P.  Kirchner 


D.  M.  Richard 


Ceramic  Finishing  Company 
P.0.  Box  498 

State  College,  PA  16801 


72 


Abstract 

Using  the  elliptic  integral  method,  stress  intensity  factors  (K  ) 
were  estimated  at  boundaries  defined  by  fracture  features  observed 
at  various  distances  from  internal  fracture  origins  in  H.P.  silicon 
nitride.  The  fracture  origins  are  surrounded  by  regions  of  transgranular 
fracture.  At  the  outer  boundaries  of  these  regions  K is  less  than  K 

i.  ilj 

showing  that  these  are  regions  of  subcritical  crack  growth.  Regions  of 
hummocks  and  depressions  were  observed  surrounding  the  regions  of 
transgranular  fracture.  was  calculated  at  the  elliptical  boundary 
determined  by  the  outer  edge  of  the  nearest  of  these  features  to  the 

r\j 

fracture  origin.  At  this  boundary,  = KIC.  Therefore,  these  features 
can  be  used  to  locate  the  subcritical  crack  growth  boundary. 
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I.  Introduction 

Development  of  fracture  theories  and  methods  of  failure  analysis 
has  been  handicapped  by  the  lack  of  f ractographic  criteria  for  locating 
subcritical  crack  growth  boundaries  in  fracture  surfaces  of  ceramics. 

In  this  paper  such  a criterion  is  described  for  a particular  hot  pressed 
(H.P.)  silicon  nitride  ceramic. 

Fracture  origins  in  H.P.  silicon  nitride,  fractured  at  room  tempera- 
ture, are  easily  located  in  most  cases  at  the  intersection  of  the  extensions 
of  lines  drawn  through  the  hackle.  In  some  cases  other  types  of  lines 
oriented  in  the  direction  of  the  fracture  origin  can  be  observed  in  the 
fracture  surface.  Because  the  material  is  strong  and  fine  grained,  these 
fracture  features  are  well  defined,  aiding  in  location  of  the  fracture 
origins.  Although  individual  grains  in  fracture  surfaces  may  strongly 
reflect  incident  light,  the  areas  of  reflecting  spots  that  are  so  helpful 
in  locating  fracture  origins  in  alumina  ceramics  are  not  observed  in 
H.P.  silicon  nitride. 

Flaws  at  fracture  origins  in  H.P.  silicon  nitride  specimens,  frac- 
tured at  various  temperatures  and  loading  rates, were  located  and  character- 

(1  21  (31 

ized  by  Kirchner,  Gruver  and  Sotter  ’ and  Baratta,  Driscoll  and  Katz  . 

(41 

Recently,  D.  G.  Miller  et^  al..  described  a number  of  such  flaws.  At 
room  temperature,  fracture  may  originate  at  various  types  of  flaws 
including  machining  damage,  pores,  large  crystals  and  inclusions.  How- 
ever, with  improved  surface  finish  and  increased  volume  under  stress 


N 


i 


(tensile  tests  or  large  specimens!  there  is  increased  tendency  for  fracture 
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to  originate  at  internal  flaws,  frequently  inclusions  associated  with 
pores.  The  fracture  stress  increases  with  increasing  transformation  of 
alpha  to  beta  silicon  nitride  This  increase  has  been  attributed 

to  increased  particle  elongation. 

Attempts  to  measure  the  variation  of  crack  velocity  with  stress 
intensity  factor  (K^)  at  room  temperature  using  standard  techniques  such 
as  the  double  torsion  beam  test  have,  thus  far,  not  been  successful. 
Apparently,  crack  velocity  increases  so  rapidly  with  that  it  has  not 
been  possible  to  achieve  stable  crack  propagation.  However,  there  is  a 
small  slow  crack  growth  effect  in  H.P.  silicon  nitride^^ . Twenty 
cylindrical  rods  were  loaded  in  flexure  to  a constant  stress  of  629  MPa 
in  air  at  18-22%  relative  humidity.  Four  of  the  specimens  fractured  on 
loading  (<  1 s)  and  seven  survived  for  more  than  1000  s after  which  the 
test  was  terminated.  The  remaining  specimens  (9)  fractured  after  various 
times  ranging  from  one  to  863  s.  Results  consistent  with  these  observa- 
tions were  obtained  by  Gulden  and  Metcalfe^^.  They  observed  a substantial 
stress  corrosion  effect  but  10%  of  the  fractures  originated  at  internal 
flaws  to  which  the  test  environment  did  not  have  direct  access  perhaps 
showing  that  a corrosive  environment  is  not  necessary  for  slow  crack 
growth  to  occur  in  this  material. 

Evans  and  Tappin^^  and  Bansal,  Duckworth  and  Niesz^’^^  have 

attempted  to  locate  critical  flaw  boundaries  after  subcritical  crack 

growth  and  flaw  linking  in  several  ceramics.  However,  as  indicated  by 

Rice^^\  considerable  subjective  judgement  is  involved  in  such  attempts. 

It  would  be  desirable  to  have  more  objective  criteria  for  locating  these 

(12  13) 

boundaries.  Kirchner  and  Gruver  ’ 


have  used  the  variation  of  the 


75 

percent  intergranular  fracture  (PIF)  with  to  develop  such  criteria 
for  H.P.  alumina  and  96%  alumina.  In  the  present  investigation,  this 
technique  was  used  to  develop  a criterion  for  locating  subcritical  crack 


growth  boundaries  in  silicon  nitride. 


II.  Procedures 


The  present  research  was  done  by  f ractographic  analysis  of  H.P. 

k 

silicon  nitride  specimens  fractured  in  tension  in  an  earlier  investiga- 
tion. Preparation  and  testing  of  these  specimens  was  described  previous- 
ly^’^\  The  specimens  were  cylindrical  rods  necked  down  to  form  a test 
section  about  1.4  mm  diameter.  The  loading  rate  was  rather  slow,  requiring 
more  than  one  minute  to  fracture  the  specimens.  The  fracture  surfaces 
were  studied  by  optical  and  scanning  electron  microscopy  (SEM)  including 
stereo  SEM. 

The  fractures  originated  at  internal  flaws  which  were  surrounded  by 
regions  of  transgranular  fracture.  Two  principal  methods  of  analysis 
were  used.  The  first  method  involved  outlining  the  outer  boundary  of 
the  region  of  transgranular  fracture  and  using  the  elliptic  integral 

(14) 

method  to  calculate  the  stress  intensity  factors  at  the  intersections 

of  the  major  and  minor  axes  with  this  boundary.  The  stress  intensity 
factor  (Kj)  was  calculated  using 

Y . 1/2  y y a ,1/4 

Kt  = — r—  (— ) (a“cos“0  + c sin^O)  (1) 

I vc 

in  which  a,  c and  0 are  defined  by 


Norton  t'omp.mv,  Worcester,  MA. 
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That  is,  a Is  1/2  the  minor  axis  of  the  ellipse,  c is  1/2  the  major  axis 


of  the  ellipse,  and  0 is  the  angle  between  the  major  axis  and  a radius 


of  the  ellipse.  <t>  is  defined  by  the  following  integral 


f2  ,2  2 1/2 

* - J [1  - (1  - sin  0]  d0  (2) 

o c 


which  is  an  elliptic  integral  of  the  second  kind.  Mathematical  tables 


were  used  to  determine  the  values  of  this  Integral.  To  determine  Kj  at 
the  intersection  of  the  minor  axes  with  the  boundary  of  the  ellipse,  0 
is  taken  as  ^ in  Equation  (1)  yielding 


Kx  (0  “ 
max 


Y a 1/2 

— r-  a 


Similarly,  for  the  intersection  with  the  major  axis 


K (0  - 0) 

min 


Y o 1/2, a.  1/2 

~r a (c> 


(A) 
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The  values  of  were  compared  with  the  critical  stress  Intensity  factor 
<KIC>* 

The  second  method  involved  determining  the  percentages  of  inter- 
granular and  transgranular  fracture  along  radii  from  the  fracture 
origin.  Scanning  electron  micrographs  (1000-5000  X)  were  taken  at 
intervals  along  the  radii  and  assembled  to  form  composite  photographs 
of  the  fracture  surfaces.  A grid  with  spaces  approximately  equal  to  one 
grain  size  and  ten  spaces  wide  was  prepared.  The  grid  was  placed  on  the 
composite  photograph  and  the  fracture  surface  at  the  center  of  each  grid 
space  was  examined  and  classified  as  to  whether  it  was  intergranular 
or  transgranular,  characterizing  a path  about  ten  grains  wide.  This 
process  was  repeated  for  adjoining  rows  of  the  grid.  The  percentages 
of  intergranular  and  transgranular  fracture  varied  considerably  from  one 
row  to  the  next  so  averages  were  calculated  for  each  row  which  included 
the  results  of  the  preceding  and  following  rows  to  form  three  row  running 
averages.  The  percentages  of  intergranular  fracture  (PTF)  were  plotted 
vs.  the  stress  intensity  factors  calculated  at  the  various  points  along 
the  radii  when  the  crack  front  was  at  each  point.  The  calculations  of 
Kj  were  done  using  the  fracture  stress  so  that  the  results  are  strictly 
correct  only  for  delayed  fracture  (constant  load)  specimens  for  which 
the  applied  stress  is  constant.  For  specimens  fractured  by  a linearly 
increasing  load,  the  values  are  overestimated  at  all  crack  lengths 
except  the  critical  crack  length  because  the  stress  is  overestimated. 
However,  calculations  show  that  almost  all  of  the  crack  growth  occurs 
in  less  than  the  last  10%  of  the  loading  time.  In  this  time  the  applied 
stress  varies  by  less  than  10%.  Therefore,  the  error  in  the  calculated 
Kj  values  is  small  for  most  of  the  crack  growth. 


III.  Results  and  Discussion 


General  observations 

Most  of  the  results  of  this  investigation  were  obtained  from 
five  specimens  fractured  in  uniform  tension.  All  of  the  fractures 
originated  at  what  appeared  to  be  inclusions,  pores  or  porous  regions 
(Figure  1).  The  flaws  at  the  fracture  origins  ranged  in  size  from  the 
average  grain  size  (1-2  um)  to  several  times  that  size.  When  the  frac- 
ture surfaces  were  rotated  in  the  SEM,  it  was  observed  that,  in  particular 
orientations,  each  fracture  origin  was  surrounded  by  a rather  dark 

elliptical  region  (Figure  2) . Such  a dark  region  was  observed  previously 
(3) 

by  Baratta  £t  al.  . At  slightly  higher  magnification  it  was  observed 
that  these  regions  contained  a large  fraction  of  transgranularly  frac- 
tured grains  (Figure  3). 

Outside  the  dark  elliptical  region  is  a region  in  which  the  surface 
is  more  uneven,  as  indicated  by  light  and  dark  blotches.  At  higher 
magnification  using  stereo  SEM  these  blotches  are  observed  to  be  hummocks 
and  depressions  which  form  a wide  band  outside  the  dark  elliptical  region. 

Numerous  pores  are  observed  in  the  wide  band  of  hummocks  and  depres- 
sions. Many  of  these  pores  are  surrounded  by  small  regions  of  transgranular 
fracture.  These  observations  are  additional  evidence  of  the  tendency  of 
cracks  originating  at  pores  to  grow  by  subcritical  crack  growth. 

Stress  intensity  factors  at  boundaries  of  dark  elliptical  regions 

The  elliptic  integral  method  was  used  to  calculate  values  of  at 
the  intersections  of  the  major  and  minor  axes  with  the  boundaries  of  these 


A.  Fracture  surface  (70X) 


B.  Fracture  origin  (7000X) 


Figure  I Fracture  surface  and  internal  fracture  ori 
specimen  2T 
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Figure  2 Dark  region  surrounding  fracture  origin, 
specimen  4T  ( IOOOX  ) 
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Figure  3 Transgranular  fracture  at  fracture  origin, 
specimen  IT  ( I500X ) 
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ellipses  yielding  the  results  shown  in  Table  I.  As  expected,  the  higher 
values  of  K^.  occur  at  the  intersections  of  the  minor  axes  with  the 

1/9 

boundaries  of  the  ellipses.  These  values  range  from  3.16  to  4.65  MPam  . 

The  highest  value  is  slightly  less  than  a widely  accepted  value  of  K 
which  is  4.7  MPam1/2(15,16). 

The  K.j  values  in  Table  I seem  to  be  too  low  to  support  the  hypothesis 
that  the  subcritical  crack  growth  boundary  is  the  boundary  of  the  dark 
region  of  grains  fractured  mainly  by  transgranular  fracture.  Therefore, 
the  fracture  surfaces  were  examined  for  other  features  that  might  serve  to 
locate  the  subcritical  crack  growth  boundary.  Outside  the  boundary  of 
the  dark  area  are  numerous  features  that  might  be  described  as  hummocks 
and  depressions  as  shown  in  the  stereo  pairs  in  Figures  4 and  5.  Many  of 
the  hummocks  and  depressions  are  elongated  radially  from  the  fracture 
origin.  These  features  are  not  hackle  which  are  observed  at  much 
greater  distances  from  the  fracture  origin.  At  low  magnification  the 
elongated  hummocks  and  depressions  give  the  fracture  surface  a somewhat 
fibrous  appearance.  The  normal  range  of  sizes  of  these  features  is  about 
4-8  pm. 

Based  on  the  above  observations,  it  was  hypothesized  that  the 
hummocks  consisted  of  agglomerates  that  were  resistant  to  fracture  so 
that,  for  crack  propagation  to  occur  at  the  velocity  characteristic  of 
the  particular  value,  it  is  necessary  for  the  crack  to  propagate  around 
the  agglomerates.  Assuming  this  to  be  the  case  a rough  boundary  outside 
the  first  "row"  of  these  hummocks  and  depressions  was  visualized  and  the 


minor  axis  was  measured.  The  eccentricity  of  the  ellipse  was  assumed  to 


Figure  4 Hummock  surrounded  by  depressions,  specimen 
stereo  pair  ( 10,000 X ) 
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be  the  same  as  that  of  the  dark  region.  The  resulting  K^.  values  are 
given  in  Table  II.  These  values  are  more  consistent  with  the  measured 

Kicr 

The  fact  that  these  values  are  somewhat  scattered  is  not  surprising 
because  of  experimental  uncertainties  in  measurement  of  the  ellipses  and 
local  variations  in  material  properties  such  as  K . One  expects  frac- 

JL  L» 

tures  to  originate  in  the  regions  that  have  the  most  vulnerable  combination 
of  flaw  severity  and  reduced  local  K^. 

The  mechanism  by  which  the  agglomerates  resist  fracture  was  studied. 

(4) 

An  etched  fracture  photographed  by  Miller  et  al.  shows  hummocks  and 
depressions  of  the  same  size  as  those  observed  in  the  present  investigation. 

The  hummocks  appear  to  contain  elongated  grains  with  preferred  orientations 
tending  to  be  perpendicular  to  the  fracture  surface.  Therefore,  the 
agglomerates  may  resist  fracture  because  they  consist  of  elongated  grains 
with  preferred  orientations  perpendicular  to  the  crack  front.  The  hummock 
illustrated  in  Figure  4 evidently  resisted  fracture  because  of  the  presence 
of  the  elongated  grains  at  the  "leading"  edge  of  the  hummock.  In  other 
cases  such  as  Figure  5 similar  grains  were  not  observed  but  may  have  been 
present  within  the  hummock.  Figure  28  of  Bowen , Figure  5,  and  some  of 
the  composite  photographs  not  included  because  they  are  too  large, show 
that  the  depressions  contain  many  grains  elongated  parallel  to  the  fracture 
surface.  Interspersed  among  these  grains  are  individual  elongated  grains 
that  have  either  pulled  out  of  the  opposite  surface  of  the  crack  or  frac- 
tured through  the  grain.  These  observations  are  interpreted  to  mean  that 
the  crack  propagates  by  transgranular  fracture  until  it  speeds  up  to  the 
point  that  it  no  longer  can  pass  through  the  hummocks  by  transgranular 

I 
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Table  II.  Revised  Stress  Intensity  Factors  for  Boundaries  at  the  Far  Side  of  Hummocks  and  Depressions  Near 
Minor  Axis  of  the  Dark  Ellipse. 
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fracture.  Therefore,  the  cracks  are  deflected  over,  under  and  around 
the  hummocks.  The  preferred  paths  are  those  in  which  the  grains  are 
elongated  parallel  to  the  fracture  surface.  In  these  paths,  those 
grains  oriented  perpendicular  to  the  fracture  surface  pull  out  or  frac- 
ture, as  suggested  by  Bowen^’^,  contributing  to  the  fracture  resistance. 

The  ellipticity  of  the  dark  regions  remains  to  be  explained.  The 
tensile  specimens  were  six  inches  long  and  were  cut  from  hot  pressed 
billets,  6x6x1  in.  The  fracture  surfaces  were  roughly  perpendicular 
to  the  long  axes  of  the  specimens  so  that  each  surface  can  be  considered  to 
contain  axes  perpendicular  and  parallel  to  the  hot  pressing  direction.  It 
is  well  known  that  the  average  strengths  of  specimens  cut  with  the  long 
axes  parallel  to  the  hot  pressing  direction  are  lower  than  those  of 
specimens  cut  perpendicular  to  the  hot  pressing  direction . Therefore, 
one  possible  explanation  is  that  the  ellipticity  is  caused  by  differences 
in  the  fracture  energies  for  crack  propagation  in  the  directions  perpen- 
dicular and  parallel  to  the  hot  pressing  direction. 

An  alternative  explanation  of  the  ellipticity  of  the  dark  areas  is 
that  the  flaws  are  elongated  and  that  the  cracks  tend  to  propagate  in 
all  directions  from  the  flaw  preserving  this  elongation.  Examination 
of  the  flaws  revealed  that  they  were  rather  irregular  in  shape  and  were 
more  or  less  elongated.  In  some  cases  the  ellipticity  of  the  dark  region 
seemed  to  correspond  to  that  of  the  flaw.  However,  it  should  be  noted 
that  the  flaws  may  be  elongated  perpendicular  to  the  hot  pressing  direc- 
tion so  that  the  suggested  explanations  may  not  be  independent  of  each 
other. 

The  large  variations  in  eccentricity  (a/c)  of  the  dark  region 


| 


indicate  the  possibility  of  rather  large  variations  in  the  fracture 
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energy  anisotropy  and  the  flaw  anisotropy  from  specimen  to  specimen. 

Therefore,  the  present  evidence  is  most  useful  for  defining  the  nature 

of  the  problem  but  is  not  sufficient  to  permit  conclusions  to  be  drawn. 

In  any  case,  Lange  and  Miller  et  al.  both  observed  a 20%  reduction 

in  the  strengths  of  specimens  fractured  in  the  weak  direction  compared 

with  the  strong  direction.  The  average  difference  between  Kj.  and  K^. 

max  min 

is  consistent  with  this  difference  in  the  strengths. 

It  is  also  interesting  to  note  that  the  fracture  mirror  (crack 
branching)  boundaries  are  circular  or  almost  circular  indicating  that 
the  ellipticity  in  the  early  stages  of  crack  propagation  does  not  extend 
to  the  later  stages.  This  observation,  together  with  the  variations  in 
the  mode  of  fracture,  indicates  that  the  mechanism  of  fracture  at  branching 
is  not  necessarily  the  same  as  that  near  the  fracture  origin.  This  has 
implications  for  the  relative  sizes  of  critical  flaws  and  fracture  mirrors 
in  various  ceramics. 

Stress  intensity  factor  vs.  percent  intergranular  fracture 

The  PIF  was  determined  along  the  major  and  minor  axes  of  the  ellipses 
formed  by  the  boundaries  of  the  dark  areas.  The  results  were  somewhat 
variable,  in  part  because  of  variations  in  the  quality  of  the  photographs. 
Emphasis  was  placed  on  determinations  along  the  minor  axes  because  the 
highest  Kj  values  are  observed  there. 

Two  of  the  resulting  curves  of  vs.  PIF  are  given  in  Figures  6 and 
7.  At  low  values  of  the  PIF  is  determined  mainly  by  the  characteristics 

of  the  particular  flaw  at  the  fracture  origin  which  may  vary  widely  as 
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indicated  in  these  figures.  However,  in  both  cases  the  curves  pass 
through  low  values  of  PIF  (high  percentages  of  transgranular  fracture) 
which  are  followed  by  a strong  trend  toward  higher  PIF. 

These  curves  confirm  that  the  fracture  origins  are  surrounded  bv 
a band  of  primarily  transgranular  fracture.  In  addition,  they  indicate 
that  Kj  = , in  a region  of  relatively  high  PIF.  This  result  is 

consistent  with  expectations  if  crack  propagation  is  inhibited  by 
agglomerates  that  finally  pull  out  when  = K|(,. 

/ION 

Recent  data  of  Govilla'  raises  some  doubt  about  the  correctness 
of  the  Kj  values  chosen  for  use  in  analyzing  the  above  data.  Govilla 
tested  nominally  similar  material  and  observed  K.  = 4.1  MPam^*"  (range 

lv 

1/2 

3.9  - 4.4  MPam  “).  Analysis  on  the  basis  of  Govilla's  data  would  lead 

to  some  difference  in  interpretation  because  the  subcritical  crack  growth 

boundary  would  be  shifted  closer  to  the  outer  edge  of  the  dark  elliptical 

1/2 

region.  However,  the  PIF  at  4.1  MPam  , as  indicated  in  Figures  b and 

7,  is  well  above  the  value  at  minimum  PIF  so  that  the  difference  in 

fracture  modes  of  H.P.  silicon  nitride  and  II. 1’.  alumina  at  criticality 

is  still  evident.  Despite  the  availability  of  the  new  data  it  was  decided 

to  retain  the  original  interpretation  for  the  following  reasons: 

(1)  Govilla  stressed  that  his  new  data  are  preliminary,  (2)  the  material 

used  in  our  investigation  was  manufactured  at  a much  earlier  time  (1973) 

and  therefore  is  more  likely  to  be  like  the  materials  used  by  Petrovic  et 

al^^  and  Evans  and  Wiederhorn  than  that  of  Govilla,  (3)  K values  . i 
(19) 

Lange  for  research  specimens  having  varying  percentages  of  a - Si  N,( 
in  the  starting  powders  and,  therefore,  varying  degrees  of  particle 
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1/2 

elongation,  ranged  from  4.  lb  to  <>.0  MPam  so  that,  considering  tlte  fact 
that  NC-132  silicon  nitride  contains  a substantial  fraction  of  elongated 
grains.  It  seems  unlikely  lh.it  the  NC-132  silicon  nitride  would  have  K^, 
as  low  as  4.1  MPam^*"  and  (4)  the  essential  aspects  of  the  Interpretation, 
especially  the  difference  in  the  fracture  mode  at  the  subcritical  crack 
growtli  boundary  compared  with  that  in  H.P.  alumina,  would  remain  unchanged. 


94 


IV.  Conclusions 

Study  of  fracture  origins,  dark  ellipses  surrounding  the  fracture 

origins  and  the  hummocks  and  depressions  has  shown  that  there  is  an 

orderly  sequence  of  fracture  features  observed  along  radii  extending 

from  internal  fracture  origins  in  H.P.  Si^N^.  Initially,  the  cracks 

grow  from  the  fracture  origin  by  transgranular  fracture.  Similar  results 

(12  13) 

were  obtained  previously  for  H.P.  alumina  and  96%  alumina  ’ . Appar- 

ently, as  the  crack  accelerates  with  increasing  Kj , there  is  insufficient 
time  for  transgranular  fracture  to  occur  and  the  crack  is  forced  to  find 
another  path.  Based  on  our  previous  observations  in  alumina  ceramics  we 
would  have  expected  simply  increased  intergranular  fracture.  However, 
this  appears  to  be  prevented  with  the  result  that  the  crack  diverges 
from  the  average  fracture  plane  forming  a continuing  series  of  hummocks 
and  depressions.  Present  evidence  indicates  that  these  features  are 
formed  because  of  the  presence  of  fracture  resistant  agglomerates.  This 
fracture  resistance  may  arise  because  of  the  presence  of  elongated 
crystals  which  may  tend  to  bind  t he  agglomerates  together.  Such  an 
explanation  is  consistent  with  the  increased  strength  of  H.P.  Si^N^  bodies 
derived  from  high  alpha  powders  which  form  elongated  crystals  on  conversion 
to  beta  silicon  nitride^’^. 

Based  on  these  observations  a criterion  for  locating  the  subcritieal 
crack  growth  boundary  in  a particular  silicon  nitride,  can  be  suggested. 
First,  the  dark  elliptical  region  formed  by  transgranular  fracture  should 
be  outlined.  Then,  the  hummocks  formed  along  the  extensions  of  the  minor 
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axis  of  the  ellipse  should  be  located.  An  ellipse  of  the  same  eccen- 
tricity as  the  dark  region,  drawn  through  the  outer  edge  of  the  first 
of  these  hummocks  should  coincide  approximately  with  the  subcritical 
crack  growth  boundary. 
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General  Conclusions  and  Recommendations 

The  suggested  f ractographic  criteria  for  subcritical  crack  growth 
boundaries  in  H.P.  alumina,  967  alumina  and  ll.P.  silicon  nitride  are 
given  in  Table  I.  Comparison  of  these  criteria  indicates  that  in  each 
case  the  transition  from  subcritical  to  critical  crack  growth  occurs  as 
a result  of  fracture  mechanisms  that  are  unique  to  the  particular  material. 
The  present  results  indicate  that  these  differences  arise  as  a result  of 
differences  in  fracture  energy  anisotropy,  grain  size,  grain  shape  and 
spatial  variations  in  the  degree  of  preferred  orientation  of  the  grains. 

The  present  results  have  implications  that  range  far  beyond  the  solu- 
tion of  the  problem  of  locating  subcritical  crack  growth  boundaries  in 
these  particular  materials.  Some  of  these  implications  are  indicated 
by  the  following  recommendations  for  future  research  in  which  the  tech- 
niques developed  in  this  program  can  be  applied: 

1.  Development  of  improved  methods  for  evaluating  K in  poly- 
crystalline  ceramics  that  take  into  consideration  the  localized  variations 
in  material  properties  on  the  scale  of  the  critical  flaws. 

2.  Determination  of  the  variations  in  strength  controlling  fracture 
mechanisms  in  various  ceramics  with  variations  in  temperature  and  environ- 
mental conditions. 

3.  Further  investigations  of  the  relationships  between  fracture 
mechanisms  in  single  crystals  and  grain  boundaries  and  the  variations  in 


fracture  mechanisms  in  polycryscal line  ceramics. 


Table  I.  Fractoaraphi e Criteria  for  Subcritical  Crack  Growth  Boundaries  in  Various  Polycrystalline 
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4.  Investigation  of  mechanisms  of  toughening  of  ceramics. 


5.  Development  of  improved  understanding  of  the  relationships 
between  the  early  stages  of  crack  propagation  and  the  later  stages;  that 
is,  between  subcritical  and  critical  crack  propagation. 

6.  Investigation  of  the  effects  of  variations  in  stress  state  and 
crack  opening  mode  on  fracture  mechanisms. 

7.  Further  investigations  of  the  effects  of  grain  size  and  crack 
velocity  on  fracture  mechanisms. 
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